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Abstract
As landslide hazard has intensified in the past decades, the development of landslide
hazard evaluation systems has become more and more important. However, not much
attention is paid to discussing the landslide transition in new and reoccurring
landslides between different triggering events. A region in the central Taiwan, the
Chenyulan River basin with the landslides from three typhoon events, Typhoons
Toraji, Mindulle and Sinlaku, is selected for landslide hazard analysis in this study.
The Rainfall-induced Landslide Hazard Rating System is developed and applied in
the landslide transit characterization analyses. The results show that landslide transit
characterization varies according to geological and topographic factors in the study
area. More importantly, locations with preceding landslides, regardless of occurrence
time, are vulnerable to landslide reoccurrence. A systematic procedure of landslide
transit characterization is developed in this study, which ultimately can provide
additional information for future planning and design of landslide alarm system.
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Chapter 1. Introduction
With the intensified rainfall in recent years (Allan and Soden 2008; Camargo and
Sobel 2005; Chan and Liu 2004; Chiang and Chang 2011; Elsner et al. 2008; Emanuel
2005; Stowasser et al. 2007; Webster et al. 2005), rainfall-induced landslides have
become an increasing problem for the society in Taiwan. Landslides in Taiwan are
usually triggered by rainfall, earthquakes, human activities, or combinations.
Specifically, rainfall-induced landslides often occur in mountainous areas during or
after heavy rains, resulting in loss of lives and property (Lin and Jeng 2000; Chen et al.
2006; Yu et al. 2006; Chen and Petley 2005; Lin et al. 2011). As climate change
intensifies, it is becoming more pressing to develop a systematic method to -investigate
rainfall characteristics and relationships between rainfall and landslides.
It is widely recognized that increasing pore pressure in the ground produced in a
rainfall period can result in slope instability (Anderson and Sitar 1995; Inverson 2000)
by reducing the shear strength in soils (Montgomery 1994; Collins and Znidarcic
2004). A simplified rainfall analysis was developed by Chen (2011) with the intent to
understand the rainfall distribution in the Chenyulan river basin in the early analysis
stage. The reason for selecting a simple rainfall analysis is that rainfall distribution
prediction often requires complex models and various parameters, which make it
difficult to combine them with landslide analyses as intended here. However, this
simple rainfall analysis can be further augmented according to particular
requirements.
In order to further understand the landslide behavior during typhoon events, the
landslide transit characterization is introduced in this thesis. The landslides are
categorized into two groups: new and reoccurring landslides. New landslides are those
landslides located in the area where no historical landslides occurred before, while
reoccurring landslides are those with landslide history in the past. Brooker and Peck
(1993) define a reoccurring landslide as where the shear resistance is reduced to
residual strength along the failure surface. This indicates that the body of the landslide
may already be separated by a sliding surface from the stable ground and has reached
the residual condition, in which the subsequent landslides are controlled by residual
shear strength (Early and Skempton 1972; Palladino and Peck 1972; Mesri and
Shahien 2003). Several researchers also pointed out that the during typhoon events,
locations with preceding landslides are vulnerable to landslide occurrence (Lin et al.
2008; Chen 2008; Chuang et al. 2009), which means the reoccurring landslides are
very likely to take place in typhoon events. With landslide transit characterization, the
landslide behavior can be understood more clearly.
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A landslide hazard rating system (Chen 2011) is introduced in this thesis for evaluation
of landslide transit characterization, which integrates three factors: geological
formation, aspect (orientation relative to the North), and slope gradients. The
Normalized Difference Method is used with a landslide frequency approach in the
Landslide Hazard Rating System. As for the definitions of hazard and risk, Einstein
(1997) proposed that hazard refers to the probability that a particular danger occurs
within a given period of time, while risk refers to the hazard multiplied by the potential
worth of loss. Accordingly, this landslide transit evaluation can be used in a Landslide
Risk Management System. The concept of a Rainfall-induced Landslide Risk
Management System is therefore proposed. Although the analysis in this study is based
on the available data in a specific region, namely, the Chenyulan River basin, it is worth
to note that the approach developed in this study is applicable to other locations.
This thesis is focused on the landslide transit characterization in terms of new and
reoccurring landslides by using the Landslide Hazard Rating System. The regional
descriptions of the Chenyulan River basin in central Taiwan are given in Chapter 2, and
the definition of typhoons and of landslides occurring during the Toraji, Mindulle and
Sinlaku typhoons are given in Chapter 3. The recent studies on landslide hazard
analyses are summarized in Chapter 4 and a Rainfall-induced Landslides Hazard
Rating System is presented and applied in the landslide transit investigation in Chapter
5. Finally, Chapter 6 presents the conclusions of this thesis.
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Chapter 2. Physical Characterization of the Study Area
2.1 General Comments
The study area, the Chenyulan River basin, is located in Nantou County in central
Taiwan, with a catchment area of 445.3 square kilometers. It is the catchment of the
Chenyulan River, which flows toward the North through this area and is a tributary of
the Zhuoshui River. The geographical location is between 23*28' to 23*47', and
120048' to 121'0' (Figure 2.1). The Chenyulan River basin is surrounded by mountains.
Topographically, the elevation of this area declines from the South to the North and
from the East to the West. Specifically, the Chenyulan River basin is a longitudinal
valley, in which the north-south extension is longer than the east-west extension.
A Study Area
0 1.5_3 6 9 1  Chenyulan River Basin
. .= Omtq
2r30V N.
121*75
*e3.4
Figure 2.1 Geographical location of the study area, Chenyulan River basin
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2.2 Topography
The Chenyulan River flows from the highest peak in the Yushan mountains, where the
elevation is more than 3000 meters asl, down to the junction with Choshui Creek in the
North, where the elevation is only around 300 meters asl. The contour map of the
Chenyulan River basin is presented in Figure 2.2. As a result, with a total river length of
42 kilometers, the river gradient of the Chenyulan River is relatively steep; the average
river gradient is 6.75%. Hence, the Chenyulan River is characterized by a large
elevation differences (more than 3000 meters), a steep gradient (6.75%) and a wide
channel (more than 1 kilometer) (Lee 1996). The Chenyulan River valley is a typical
Fault-line valley, which divides the Neogene sedimentary rock on the left bank of the
river from the Paleogene metamorphic rock on the right bank of the river (Figure 2.1).
Because of the longitudinal valley characteristics, there are practically no meanders
along the main stream. In addition, the sedimentary deposit is significant near the
bottom of the valley due to the wide channel.
16
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Figure 2.2 Contour map of the Chenyulan River basin
17
2.2.1 Elevation and Slope
The elevation map of the Chenyulan River basin is shown in Figure 2.3. The average
elevation is 1580 meters. Besides, only few areas, 3.1 % of total area, are lower than
elevation 500 meters in the region, and mainly floodplains, while approximately 20%
of the total area is between elevations 500 meters and 1000 meters, featuring alluvial
fans and fluvial terraces. Almost half of the region (49%) is distributed between
elevations 1000 meters to 2000 meters. The areas where the elevation exceeds 3000
meters are primarily in the east of the Chenyulan River basin area, which is also part of
the Yushan Mountains (Table 2.1).
The slope distribution map is generated from the digital elevation model map of the
Chenyulan River basin using slope analysis in GIS software (Figure 2.4). The average
slope of the Chenyulan River basin is approximately 360. Less than 10% of the total
area is within the 0 to 10 and 10 to 20 slope degrees. Approximately 22.6 % of the total
area is with slopes from 20 to 30 degrees. Moreover, more than 60 % of the total area
has slopes over 30 degrees, which characterizes the Chenyulan River basin as a steep
slope land (Table 2.2).
18
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Figure 2.3 Elevation map of the Chenyulan River basin
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Figure 2.4 Slope distribution map of the Chenyulan River basin
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Table 2.1 Elevation distribution in the Chenyulan River basin
Elevation (m) Area (km2) Percentage (%)
<500 13.8 3.1
500-1000 88.6 19.9
1000-1500 110.4 24.8
1500-2000 105.5 23.7
2000-2500 80.2 18.0
2500-3000 36.5 8.2
3000-3500 8.9 2.0
>3500 1.3 0.3
Total 445.3 100.0
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Table 2.2 Slope distribution in the Chenyulan River basin
Slope (degree) Area(km2) Percentage (%)
0*-100 32.1 7.2
10'-20* 42.6 9.6
20'-30* 100.4 22.6
30'-40* 161.9 36.4
>40' 108.3 24.3
Total 445.3 100.0
2.2.2 Aspect
Aspect is the direction of the inclined surface in a slope. In this study, the aspect is
adopted in order to describe the interaction between rainfall, wind direction and
topography. Generally, the influence of topography on wind direction and rainfall is
more significant for the windward slope (where the slope faces the wind) than that for
the lee slope (where the slope is in the wind shadow). The definition of aspect direction
is presented in Figure 2.5. In the aspect analysis in the GIS software, the aspect is
generated from the North: the zero directional degree (0*). Hence, the North aspect is
the interval 0' to 22.50 and interval 337.5' to 360'.In addition, a flat (horizontal)
surface (which means no aspect) is defined as -1 in the GIS software. The definitions
used in the GIS software, directional degree of each aspect and area distribution are
described in Table 2.3. Most of the aspects occupied 12.5% to 16% of the total area
except the Southeast and the South aspects, where the former is 9% and the latter is
8.2% (Figure 2.6).
22
247.
Figure 2.5 Definition of aspect
Table 2.3 Directional degree distribution of each aspect
Aspect Directional degree Area (km2) Percentage (%)
North 337.50~22.5 59.0 13.3
Northeast 22.5-67.5' 71.3 16.0
East 67.50-112.50 57.2 12.8
Southeast 112.5~157.50  40.2 9.0
South 157.5~-202.50 36.6 8.2
Southwest 202.5~-247.50 57.5 12.9
West 247.5~-292.50 65.1 14.6
Northwest 292.5~-337.50 58.3 13.1
Flat -1 0.1 0.0
Total 445.3 100.0
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Figure 2.6 Aspect distribution map of the Chenyulan River basin
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2.3 Geology
2.3.1 Geological History
The mountainous areas in Taiwan were produced by one of the youngest tectonic plate
movements of the Earth. The major orogeny which formed recent Taiwan started 9 to 6
Ma ago (1 Ma: 1 Million Years), when the Philippine Sea Plate collided with the
Eurasian Plate. Many geological experts agree that the mountain building process in
Taiwan is continuing. It is summarized by Sibuet et al. (2002, 2004) that the creation of
Taiwan is mainly dependent on two lithospheric movements: (a) the subduction with a
relative western movement of the Philippine Sea Plate beneath the Eurasian Plate, and
(b) the subduction with a northwestern movement of the Eurasian Plate under the
Phillippine Sea Plate.
Because of the direction of plates collision, the Taiwan belt, including most mountains,
valley areas and rock fold zones on Taiwan Island, has north-east and north-south
trends (Longitudinal trends) (Figure 2.7). In addition, due to the tectonic activity, the
mountain areas in Taiwan were up-lifted at a rate exceeding 1 to 2 cm/year, along with
high earthquake frequency. This phenomenon has generated plentiful fractured
materials and provided abundant sources for landslides.
Figure 2.7 Plate collision mechanism in Taiwan (after Shin and Teng 2001)
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The study area, the Chenyulan River basin, is located at the junction of the
metamorphic Hsuehshan Range and the unmetamorphosed Western Foothills, where
the Chenyulanchi Fault goes through the Chenyulan River basin and leads to the
formation of the current Chenyulan River (Figure 2.1, Figure 2.9).
The dominant lithologies in the sedimentary stratum are sandstone and shale. In the
metamorphic stratum, slates and meta-sandstones are predominant. The metamorphic
stratum is subdivided into four formations, which are in ascending order: the
Shihpachungchi Formation, Tachien Sandstone Formation, Paileng Formation and
Shuichangliu Formation (Lin et al. 2004).
Nine geological units in the study area are identified (Figure 2.8) and listed below
from the oldest to the youngest with details summarized in Table 2.4.
1. Shihpachungchi Formation (Eocene);
2. Tachien Formation (Eocene);
3. Chiayang formation (Eocene-Oligocene);
4. Paileng Formation (Oligocene);
5. Shuichangliu Formation (Oligocene);
6. Juigang Group (Middle Miocene);
7. Sanhsia Group (Late Miocene-Pliocene);
8. Terrace Deposits (Pleistocene);
9. Recent Alluvium Formation.
26
14
i Ei
.
.
.
.
 
.
.
.
.
.
.
.
 
.
.
.
.
 
.
0 
N
.
.
20
.
.
.
.
.
.
 
.
.
.
.
 
.
.
.
.
.
.
.
 
.
.
.
.
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.*0- 
, -
: 
, *
 "
 :
.
.
.
.
.
.
.
.
.
.
.
.
Among all geological units, the Sanhsia Group accounts for the largest area within the
study area (40.63%). The second largest geological unit is the Juifang Group and its
equivalents (14.27%), followed by is the Shihpachungchi Formation, occupying
12.27% of the total area. The Tachien Sandstone accounts for 11.94% of the total area.
Besides the formations mentioned above, all the other geological formations occupy
areas less than 10 percent of the total study area, such as Chiayang Formation, Paileng
Formation, Alluvium and Shuichangliu Formation. Finally, covering the smallest area
are the Terrace Deposits, which is only 1.18% of the total area.
2.3.2 Stratigraphy
The Sanhsia Group is located mostly in the western zone of the study area while the
Chiayang Formation, Tachien Sandstone and Shihpachungchi Formation are found in
the eastern area (Figure 2.8). Alluvium, Shuichangliu Formation, Terrace Deposits and
Paileng Formation are distributed in the upper-middle area. Each formation will be
described as follows from the oldest to the youngest ages.
1. Shihpachungchi Formation
The Shihpachungchi formation is the oldest exposed formation found in the Hsuehshan
Range. The age of Shihpachungchi formation is dated in the Eocene and composed of
black to dark gray slate, which is interlaminated of light gray sandstone and black slate
and interbedded with thin metamorphosed sandstones. The close interlamination of
light gray sandstone and black slate is the main feature to distinguish the
Shihpachungchi from the other formations. In addition, the light gray sandstone in this
formation is quartzitic, medium to fine grained, partly calcareous and very compact
(Chang 1984). The total thickness of this formation is unknown due to the dissection by
a fault located on the base of this formation (Central Geological Survey, 1984).
2. Tachien Sandstone
The Tachien Sandstone was formed in the Eocene age. It is located mainly in the
middle part of Hsuehshan Range belt and distributed in the river basins, such as the
Tachiachi river and the Chenyulan river (Figure 2.8). The Tachien Sandstone consists
chiefly of white to light gray, quartzitic, fine to coarse grained sandstone. The
sandstone is interbedded with carbonaceous slate or metamorphosed shale. The Central
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Geological Survey (1979) in Taiwan reported that the Tachien Sandstone is 2700-meter
thick, and can be divided into 3 parts: lower part (650m), middle part (1300m) and
upper part (750m). The upper part includes thick-bedded, medium to coarse grained
sandstone with shale interbeds, while the middle part is composed of mainly coarse
grained, massive quartzitic sandstone. The lower part contains fine to coarse grained
quartzite, green chloritic sandstone, siltstone and little shale interbeds.
3. Hsitsun Formation, Chiayang Formation
The Hsitsun Formation is correlated with the Chiayang Formation in lithology and
stratigraphy (Central Geological Survey, 1977). The age of Hsitsun Formation and
Chiayang Formation is the Eocene - Oligocene. The Hsitsun Formation consists of
well-foliated dark gray slate and phyllitic slate, interbedding with dark colored, fine
grained sandstone. As in the Chiayang formation, slate with fine-grained sandstone is
the main mineral, where slaty cleavage is well-developed. In addition, the lower part in
the Chiayang Formation is often featured by alternating black slate and light gray
metamorphosed sandstone, which is fine to medium grained. The total thickness of the
Chiayahng Formation exceeds 3000 meters. Among these two, the Chiayang
Formation is the main formation in the study area.
4. Szeleng Sandstone, Meichi Sandstone, Paileng Formation
These three formations are correlated in stratigraphy. However, there are variations in
lithology, especially in formation thickness. While the the thickness of Paileng
Formation is more than 2000 meters in some locations, the Szeleng Sandstone and the
Meichi Sandstone are only several hundred meters thick in total (Central Geological
Survey, 1976). The age of these three formations is dated back to the Oligocene. The
Szeleng Sandstone is mainly distributed in the Northeastern Taiwan, and replaced by
the Paileng Formation in central Taiwan, and by the Meichi Sandstone in the eastern
part of the Hsuehshan Range belt.
The Meichi Sandstone consists of gray and fine to coarse grained sandstone with dark
argillite interbeds, while the Paileng formation is composed of white to grayish white,
fine to coarse grained quartzitic sandstone, interbedded with gray sandstone, and dark
gray argillite or slate. The Szeleng Sandstone, characterized by light gray, quartzitic
sandstone or quartzite with dark gray argillite or slate, is associated with carbonaceous
shale. The Paileng Formation is the main formation distributed in this area.
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5. Tatungshan Formation, Kangkou Formation, Shuichangliu Formation
The age of these three formations is the Oligocene. In the Northern part of the
Hsuehshan Range belt, the Tatungshan Formation contains thick sandstone beds, with
dark gray, muddy and with argillite interbeds, in the lower part. This sandstone layer
separates the Tatungshan Formation from the Kangkou Formation below. However,
this sandstone layer disappears gradually further southward to central Taiwan. The
Shuichangliu Formation consists of dark gray to black argillite and slightly
metamorphosed shale. Also, gray and fine-grained sandstone, whose thickness is from
several centimeters to more than one meter, occurs in different horizons in the slate and
argillite (Central Geological Survey, 1963). Fractures exist in the metamorphosed
sediments. The thickness of this formation is over 1500 meters.
6. Juifang Group and its equivalents
The age of the Juigang Group is the Middle Miocene. This formation is named after a
mining town, a major coal producer in Taiwan, on the Chilung River. This group of
formations represents the middle sedimentary cycle, including a coal-bearing formation
and marine formation, and consists mainly of sandstone and shale.
7. Sanhsia Group and its equivalents
The Sanhsia Group is the youngest Miocene sedimentary cycle in western Taiwan
(Chang, 1972). The age of this group is dated Late Miocene - Pliocene. The Sanhsia
group is composed of two formations: a coal-bearing formation is in the lower part and
a marine unit is in the upper part; both formations consist of thick sandstones and shale.
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8. Terrace Deposits
The Terrace deposits in this study area are made up of non- stratified, unconsolidated
gravel beds, laterite, clay and sand, distributed in the adjacent uplands bordering the
basinal areas. The diameter of clasts ranges from several millimeters to larger than 2
meters. The age of the Terrace deposit is determined to be the Pleistocene.
9. Alluvium
Alluvium in this study area consists of clay, silt, sand and gravel and forms flood plains
along the river. The age of the Alluvium is Recent, and the thickness is usually 10 to 40
meters. The Alluvium is mostly created from fragments generated from the adjacent
mountains, featuring subangular or subrounded particles (Liu 1971).
Table 2.4 summaries the area and characteristics of each formation.
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Table 2.4 Summary of Geological Units in the Chenyulan River basin
Characteristics of Area Area
Age Name of Formation R Percentage
Shihpachungchi Slate,
interlaminations of 54.7 12.28
Formation
slate and sandstone
Eocene
Indurated sandstone
Tachien Sandstone with carbonaceous 53.2 11.95
slate interbeds
Eocene - Slate, phyllite, with
Chiayang Formation 38.1 8.55
Oligocene sandstone interbeds
Quartzitic
Paileng Formation sandstone, slate, 17.7 3.98
Oligocene graphitic shale
Shuichangliu Argillite, indurated
15.7 3.53
Formation sandstone, slate
Midde MiceneJuifang Group and itsMiddle Miocene Sandstone, shale 63.6 14.29
equivalents
Late Miocene - Sanhsia Group and its
Pliocne euivaentsSandstone, shale 181.1 40.67Pliocene equivalents
Pleistocene Terrace Deposits Gravel, laterite, 5.3 1.18
clay, sand
Recent Alluvium Clay, sand, gravel 15.9 3.56
Total 445.3 100
32
2.3.3 Geological Structure
The Chenyulan River basin is situated in central Taiwan at the juncture of metamorphic
Hsuehshan Range and the unmetamorphosed Western Foothills (the upper-right corner
in Figure 2.9) (Lin et al. 2004). The major fault within the study area is the
Chenyulanchi fault line, which lies along the Chenyulan River, disconnecting the
sedimentary rocks (Western Foothills) from the metamorphic rocks (Hsuehshan
Range).
Figure 2.9 Simplified geological structure map of the Chenyulan River basin
(after Lin et al. 2004)
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Four faults, the Kulingchiao, Shenmu, Shihpachekeng, and Erhyu faults, are
recognized in the sedimentary rocks, while three thrusts, Chenyulanchi, Shanshilichia,
and Dili, are in the metamorphic terrains. Furthermore, the Shihpachekeng and Erhyu
faults, in the sedimentary terrain, are strike-slip faults, where the offset is tens to
hundreds of meters (Tsan et al. 1962).
2.4 Surface Hydrology
In the Chenyulan River basin, most of the sub-basin areas, smaller than 20 square
kilometers, feature steep slopes, except the sub-basin of Jyunkeng River (31.37 km2),
Hoshe River (92.33 km2) and Salihsian River (113.1 km2) (Figure 2.10). Moreover,
according to the Horton stream order law, most tributaries along the main river, the
Chenyulan River, are first order streams, unbranched streams originating from the
head of watershed. Only the Jyunkeng River and Salihsian River are forth order
streams. This fact reveals the poor connection between branches in the Chenyulan
River basin. Yet, the elevation-relief ratio of most sub-streams is between 0.15-0.35
(Tsai et al. 2007). This ratio is defined as the largest elevation difference divided by
the distance of these two points in one river basin. This relatively large value of
elevation-relief ratio indicates that the surface relief of sub-streams is high,
introducing intense river incision movement.
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Figure 2.10 Simplified surface hydrological map of of the Chenyulan River basin
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2.5 Climate Condition
The precipitation in the Chenyulan area is characterized by a typical subtropical
climate with an average annual rainfall of 2000 to 4000 mm. Specifically, the
precipitation is influenced by the Northeast Monsoon in winter, and by the Southwest
Monsoon in summer. The variation of monthly rainfall distribution is large. During the
Northeast Monsoon season (November to April), the precipitation is low: only 20% to
25 % of the annual rainfall. In contrast, during the Southwest Monsoon season, May to
October, the precipitation is relatively high: approximately 80% of the annual rainfall.
It is worth noting that during the typhoon season (from June to September), the
precipitation features short-period rainfall with particularly high intensity, often
triggering landslides in this area.
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Chapter 3. Characterization of Major Landslides and
Typhoon Events in Study Area
3.1 Typhoon-induced Landslides
Taiwan is influenced by 3 to 4 typhoons on average every year. Furthermore, it is not
uncommon that a significant amount of precipitation comes along with typhoons,
resulting in flooding, extensive occurrence of landslides, debris flows and rock falls. In
this study, three remarkable typhoon events are used for landslide analysis. To begin
with, in this chapter, features of landslides occurring during these three typhoon events
are summarized. In the second part, the influential precipitation characteristics are
introduced for better understanding of associating precipitation with landslide
occurrence.
3.1.1 Definition of Typhoon
The phenomenon "typhoon", a storm system featured by a huge low-pressured center
and thunderstorms which introduce strong winds and heavy precipitations, has several
different names. Such storm systems are called Hurricanes in the North Atlantic Ocean
areas and Cyclones in the Indian Ocean areas. In this study, the term "typhoon" is used
to represent the tropical cyclones, tropical storms and typhoons in general.
A typhoon is considered to affect Taiwan after the Central Weather Bureau issues the
sea warning along the coastal area. The classification of typhoon intensity used in this
study is described in Table 3.1. This classification is based on the maximum wind speed
in the center of the typhoon. For wind speeds between 32 meters per second and 51
meters per second, the typhoon is defined as medium-strength; a typhoon is classified
as a weak typhoon if the wind speed in the center of typhoon is below 32 meters per
second and a strong typhoon if the wind speed exceeds 51 meters per second.
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Table 3.1 Classification of typhoon intensity (Central Weather Bureau)
Typhoon intensity Wind speed in the
typhoon center (m/s)
Weak Typhoon <32
Medium-strength Typhoon 32-51
Strong Typhoon >51
Ordinarily, the circlular area near the center of the typhoon is where the largest wind
intensity occurs. The diameter of a typhoon forming around Taiwan averages 200 to
300 kilometers in general, and sometimes increases to 400 or 500 kilometers (Wang
2004).
3.1.2 Precipitation Distribution Influenced by Typhoon Events
The meteorological phenomena are complex and often very difficult to observe and
predict due to the numerous unstable factors, such as temperature, air pressure and
vapor, particularly during typhoon events. It is not an easy task to accurately predict
the path, precipitation, wind, and intensity of typhoons striking Taiwan (Wu et al.
1999; Wang 1980). Wu et al. (1999) summarized the two major factors that make the
forecasting of typhoons in Taiwan so challenging: a) inadequate meteorological data
over the vast Pacific Ocean, b) the strong interaction between typhoon circulation and
the Central Mountain Range in Taiwan (which has an average elevation of
approximately 3000 m and a dimension of 300 km x 100 km). The Central Mountain
Range (CMR) in Taiwan causes significant variations in path and intensity of a
typhoon. Furthermore, the interaction of the typhoon circulation with the CMR also
induces tremendous changes in wind, pressure, and precipitation distribution.
Precipitation mechanisms of Typhoons can fundamentally be categorized into 3 types:
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(a) Orographic Precipitation:
The precipitation is produced when the moist air pushed by the typhoon is lifted as it
moves over a mountain range (Topographical lifting of typhoon circulation).
(b) Convective Precipitation:
Precipitation is caused by typhoon structure, occurs without interaction with
topography.
(c) Middle and Lower Reaches Precipitation
Precipitation is brought by the interaction between topography and cyclonic circulation
Although the mechanisms of rainfall brought by typhoons are well-understood, the
prediction of rainfall distribution is affected by uncertainties. To predict the rainfall
distribution in a certain area, two major methods are often used and developed in
Taiwan: Observational studies (Climate statistics methods) and numerical model
prediction methods.
Observational studies (Climate statistics methods) are based on the statistical
application of historical typhoon data. This method observes the behavior of typhoons
and evaluates historical cases. The structure, path and circulation of typhoons are
found significantly affected by the CMR when a typhoon approaches Taiwan (Brand
et al. 1974; Wang 1980). Wang (1980) analyzed the path, intensity and evolution of
53 typhoons that approached Taiwan from 1946 to 1975. He found that some
typhoons, heading westward, tend to move cyclonically. Brand et al. (1974) found
that the typhoons experienced an average 40% decrease in intensity when they move
across the CMR. Nevertheless, the disadvantage of the Climate statistics method is the
insufficiency in predicting exceptional typhoon cases. Furthermore, most of the early
observational studies are based on the traditional surface and upper-air observations,
which are insufficient to depict the three-dimensional structure of typhoons.
The Numerical model prediction method, which uses mathematical and physical
models of oceans and atmospheres to predict current weather condition, is able to
predict reasonable rainfall distributions in typhoon events. However, because of the
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essential uncertainties in the atmosphere, this model is less applicable in real life
prediction. This is especially true when the real typhoon paths are not as predicted,
and the predicted rainfall distribution also varies considerably. Several numerical
models have been developed to investigate the influences of the CMR on the typhoon
path (Chang 1982; Bender et al. 1985; Yeh and Elsberry 1993 and others). Yeh and
Elsberry (1993) found that the westward-moving tropical cyclones tend to have larger
deflection if the storms are weaker and slower-moving.
As for the basis of typhoon characterizations, four major variables affecting the
precipitation distribution during typhoon events were summarized by Chen et al.
(1993):
a.) Topography
b.) Moving speed of typhoon
c.) Characterizations of air current in surrounding environment
d.) Structure of typhoon (For example, magnitude of cyclonic circulation)
Among these four variables, topography is the most stable variable. Moreover, Chen et
al.(1993) used Empirical orthogonal function and Regression analyses to verify the
strong relation between topography, pressure field and typhoon structures, in which the
rainfall distribution all over the Taiwan island is explored according to the location of
the typhoon center.
In this study, the interaction between the topography and precipitation from typhoons
is considered by including the topographic features (aspect and slope) in the Landslide
hazard rating system.
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3.1.3 Landslides Occurring During Typhoon Toraji, 2001
3.1.3.1 Typhoon Toraji
The Toraji Typhoon developed as a weak typhoon on the Eastern sea surface of
Luzon Island on July 27 h, 2001. It moved toward Northwest, strengthened as a
medium-strength typhoon and hit Taiwan on July 30th. Because of the interaction
between typhoon and topography, the Toraji typhoon stayed over Taiwan Island for
more than 10 hours and brought excessive amount of rainfall over the Western and
Central areas of Taiwan. The accumulated amount of precipitation exceeded 700 mm
over Taiwan. Specifically, the total rainfall was found over 400 mm in nine rainfall
station records in this study area with an average of 543.2 mm. In particular,
Sin-Gau-Kou station recorded 585 mm while the largest total rainfall, 630.5 mm, was
observed in Shen-Mu-Tsuen station. As for the maximum hourly rainfall, the average
was 87.2 mm over the study area, and the largest number, 125.5 mm was found in the
Sin-Yi station. Figure 3.1 shows the typhoon path of Typhoon Toraji.
Typhoon Toraji (200 1)
4 Strong TyphIIon 4 Mdrun-strength Typhoon 4 Wk n ph 1 j I Ij
Figure 3.1 Typhoon path of the Toraji typhoon (Central Weather Bureau, Taiwan)
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The devastating Toraji typhoon caused 103 deaths, 111 missing, and 189 injured. A
total of 645 residential houses were found collapsed after this typhoon.
3.1.3.2 Features of Landslides Reported during Typhoon Toraji
The Typhoon Toraji induced many landslides over Taiwan because of its long
duration and topographical interaction. A total of 597 landslides are recorded in the
Chenyulan River Basin during Typhoon Toraji (Figure 3.2). The total landslide area is
17.58 (km2) and the largest landslide was 0.72 (km2). Lin et al. (2008) considered
landslides in typhoon and earthquake events and found that 66% of the landslides that
occurred during Typhoon Toraji were newly generated landslides.
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Figure 3.2 Landslide map of the Toraji Typhoon in the Chenyulan River Basin
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3.1.4 Landslides Occurring During Typhoon Mindulle, 2004
3.1.4.1 Typhoon Mindulle
The Mindulle typhoon formed as a weak typhoon in the Pacific Ocean on June 2 3 rd,
2004. It moved towards the West and became a medium-strength typhoon with
maximum center wind speed around 45 meters per second. The Mindulle typhoon then
moved toward the North on June 3 0 th, passing through the southeast sea of Taiwan, and
landed on the east coast of Taiwan on July 1st. The Mindulle typhoon path is shown in
Figure 3.3.
The Mindulle Typhoon brought an average total accumulated rainfall of approximately
925 (mm) in the Chenyulan River basin, ranging from 600 mm to 1425 mm among 9
rainfall stations. This typhoon also introduced large amount of precipitation from the
Southwest Monsoon, resulting in huge accumulated precipitation of 2155 mm in the
southern region of Taiwan.
4 StUong Typhoin 4 MIednun-stength Tphoon W -ak typhoon 9 T l ii
Figure 3.3 Typhoon path of the Mindulle typhoon (Central Weather Bureau, Taiwan)
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The Mindulle typhoon led to severe flooding and landsliding in Taiwan, causing total
29 fatalities and damage and loss of properties around US $200 millions.
3.1.4.2 Features of Landslides Reported during Typhoon Mindulle
Typhoon Mindulle triggered the tremendous landslides and debris flows occurring in
the study area due to its slow moving speed (Figure 3.4). The landslide map of the
Mindulle typhoon was generated by using aerial photographs of the study area taken
before and after the typhoon event. A total of 1172 landslides are included in this
study in the Chenyulan River basin during the Mindulle typhoon. The largest
landslide area is 0.96 km2 with total landslide area approximately 21.19 km2 . Chen et
al. (2005) pointed that many landslides shown in Figure 3.4 were reoccurring
landslides, which were initially induced during the Chichi earthquake.
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Figure 3.4 Landslide map of the Mindulle Typhoon in the Chenyulan River basin
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3.1.5 Landslides Occurring During Typhoon Sinlaku, 2008
3.1.5.1 Typhoon Sinlaku
The Sinlaku typhoon was initially a tropical depression in the eastern Sea of Philippines,
moving in a northwestern direction (Figure 3.5). The Sinlaku typhoon grew into a weak
typhoon on September 8 th, and became a strong typhoon on the 1 1 th with the maximum
center wind speed equal to 51 meters per second towards northeastern direction. On
September 13 t, this typhoon became stationary, and landed at the northeast coast of
Taiwan on the 14 th
During the Sinlaku typhoon period, 9 rainfall stations in the Chenyulan River basin
recorded an average total rainfall of 735 mm in this area, ranging from 500 to 1080 mm,
which are records from 9 rainfall stations in the Chenyulan River basin. Moreover, the
highest total rainfall record was found in the central western Taiwan, approximating
1601 mm. 36 rainfall stations all over Taiwan observed total rainfall exceeding 1000
mm.
Typhoon Sinlaku (2008)
* Strong Typhoon 4 Medsmn-srength Tvphoon J Wea TyLphoon T l
Figure 3.5 Typhoon path of the Sinlaku typhoon (Central Weather Bureau, Taiwan)
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3.1.5.2 Features of Landslides Reported during Typhoon Sinlaku
The Sinlaku typhoon generated severe flooding, landslides, and debris flows because
of its long duration in Taiwan. Typhoon Sinlaku caused serious damage, including
loss of agriculture products, collapses of buildings, river flooding, and landslides. In
the study area, 507 landslides are found in the landslide map of Typhoon Sinlaku,
which was analyzed by two aerial photos taken before and after this typhoon event
(Figure 3.6). Among these landslides, the largest one is 0.52 km 2 and the total area is
5.80 km2. Shou et al. (2011) found that compared with the landslides of Typhoon
Mindulle and Sinlaku, reoccurring landslides were fewer, revealing a decrease in
probability of reoccurring landslide occurrence.
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Figure 3.6 Landslide map of the Sinlaku Typhoon in the Chenyulan River basin
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3.2 Influential Rainfall Factors and Parameters in Landslide Occurrence
The landslide analysis usually starts with the question of what triggers landslides. In
general, there are three major candidates: loose material, adequate amount of water
and steep slope gradient. Loose material, including clay, sand, gravel, and rock,
provides the mass of landslides, while water reduces the shear strength between
particles. Moreover, slope is a contributing factor for landslide occurrence. Therefore,
we can divide the factors associated with rainfall-induced landslides into two
categories: hydraulic factors and geological factors. The hydraulic factors, which are
mainly related to the rainfall parameters, are introduced in this section.
Several rainfall parameters are normally used in rainfall-induced landslide analysis.
They are rainfall intensity (mm/hr), rainfall duration (hrs; days), cumulative rainfall in
certain time periods (mm) and antecedent rainfall (mm) (Caine 1980; Cannon et al.
1985; Wieczorek 1987; Larsen et al. 1993; Starkel 1979; Keefer et al. 1987;
Wieczorek et al. 1983; Lin et al. 2004 ;Guzzetti et al. 2004; Ko Ko et al. 2004; Glade
et al. 2000). It is commonly agree that appropriate rainfall parameters should be
selected according to local conditions of the area because rainfall distribution is
dependent on topography and climatic conditions.
Rainfall intensity and Rainfall duration are the two parameters often used to
determine the critical limit for landslide occurrence. Researchers investigated the
rainfall intensity and rainfall duration within a region, using statistical tools (such as
statistical regression), to estimate the threshold of rainfall that will trigger landslides
(Caine 1980; Cannon et al. 1985; Wieczprek 1987; Larsen et al. 1993).Caine (1980)
presented the concept of rainfall threshold based on Rainfall intensity and Rainfall
duration. This concept derived from Starkel (1979), who theorized that a critical
rainfall was a combination of Rainfall intensity and Rainfall duration. Keefer et al.
(1987) used rainfall data and saturation limits in soil formations to derive relation
between critical water content, rainfall intensity and rainfall duration (Equation 3.1).
This equation is helpful in representing the rainfall threshold in landslide occurrence.
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(I- Io) D = Qc
(Equation 3.1)
(Keefer et al.1987)
I= Hourly rainfall intensity (mm/hr)
D = Rainfall duration (hr)
I,= Drainage rate in soil formations (mm/hr)
QC= Critical water volume that can be retained in the saturated soil formation
(mm)
The values of 1, and Qc depend on the steepness and geometry of the hillslope, the
position of the slip surface, and the mechanical and hydrological properties of the
slope (Keefer et al. 1987).
Accumulative rainfall and Rainfall intensity are also commonly combined to feature
the rainfall during landslide occurrence (Wieczorek et al. 1983; Lin et al. 2004).
Accumulative rainfall represents the total amount of rainfall since rainfall starts in a
rainfall event, while Antecedent rainfall represents the rainfall in a specific period
before the landslide occurred. For instance, the total amount of rainfall collected three
days prior to the landslide event is presented as a 3-day antecedent rainfall.
Lin et al. (2004) found that the Rainfall intensity and Accumulative rainfall amount
required for triggering landslides decrease greatly after earthquakes. Wieczorek et al.
(1983) selected rainfall duration before a specific rainfall intensity to describe the
rainfall characterization in landslide analysis. Guzzetti et al. (2004) concluded that
landslides initiated 8 to 10 hours after the beginning of the storm and most of them
occurred in response to rainfall intensities of 8 to 10 mm per hour in the Armea valley
in Italy.
Antecedent rainfall is also proven to be associated with the landslide occurrence (Ko
Ko et al. 2004; Glade et al. 2000). Ko Ko et al. (2004) used two landslides events to
determine the most critical antecedent rainfall period and suggested that the 15-days
antecedent rainfall provides best correlation to landslide occurrence in the Unanderra
and Moss Vale Railway Line in Australia.
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In general, the higher the Rainfall intensity, the higher the probability of landslide
occurrence. Antecedent and accumulative rainfall also contribute to landslide
occurrence. In this study, two parameters that have been recognized to be useful
(Wieczorek et al. 1983; Lin et al. 2004) are selected: they are the total rainfall amount
(the sum of precipitation in one typhoon event) and the maximum rainfall intensity (the
maximum hourly precipitation in one typhoon event). Total rainfall is important since it
provides an estimation of the rainfall amount that may partially infiltrate into the
ground during a typhoon event. The maximum hourly rainfall intensity is selected
because the maximum rainfall intensity represents the largest hourly energy input
(trigger) to the ground during one typhoon event.
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Chapter 4. Landslide Hazard Analyses and Modeling in
History
Landslides mapping for susceptibility has been proven useful and applicable in many
past studies (Carrara and Guzzetti 1995; van Westen 1993; van Westen et al. 1997;
Dai et al. 2002; Temesgen et al. 2001; Wang et al. 2005; Lee and Lin 1997). The
reliability of landslide susceptibility mapping mostly depends on the quality and
quantity of available data, including the scale of maps and appropriate models (Guzzetti
et al. 1999). The processes of developing landslide mapping can be generally divided
into two categories: qualitative approaches and quantitative approaches. In this chapter,
the basic assumptions in landslide mapping are discussed and proposed for this thesis,
followed by a list of past studies on landslide hazard analyses and modeling.
4.1 Basic Assumptions for Landslide Hazard Mapping
Several assumptions are generally and widely accepted in all models and analyses
(Varnes 1984; Guzzetti et al. 1999; Dai et al. 2002):
1. Slope failures are recognizable and can be recorded, classified and mapped through
field investigations or remote instruments, such as satellite images or aerial photos.
2. Mechanical action is dominant in landslide failures, which can be determined
statistically or deterministically. Factors that directly or indirectly relate to the
landslide failures can be evaluated and adopted in developing landslide
susceptibilities or prediction models.
3. Landslide events in the past and present significantly influence future events. This
implies that a site subjected to past and present landslide failure is more likely to
have landslides reoccurring in the future.
4. Landslide occurrence can be interpreted by modeling based on physical principles,
environmental conditions and field observations. A specific landslide site can be
classified and a local area can be demarcated according to likelihood of landslide
occurrence.
Investigations and analyses of landslide hazard should ideally satisfy the assumptions
mentioned above. Landslide hazard analyses will become limited and less applicable
when some of the assumptions are not adhered to. In this thesis, these assumptions are
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used. Specifically, landslide maps generated from satellite images are used to show
spatial distribution of landslides. Geology, slope and aspect are factors that related to
landslide occurrence. Furthermore, the historic landslides will be considered.
4.2 Landslide Hazard Analyses and Modeling
The processes of developing landslide mapping can be generally divided into two
categories: Qualitative approaches and Quantitative approaches.
The most common Qualitative approaches are based on landslide inventories obtained
from satellite images or aerial photos combined with local geological and topographical
properties to determine susceptibility of landslides (Lin et al. 2004; Ko Ko et al. 2004;
Guzzetti et al. 1999; Dai et al. 2002; van Westen 1993;Wang et al. 2005 ). However,
some qualitative approaches have become semi-quantitative because of systematic
procedures in ranking the influence of factors (Ayalew et al. 2004; Ayalew and
Yamagishi 2005). In most cases, qualitative approaches require experienced
judgments from experts, which are often limited to the knowledge of regional and local
areas (Neeley and Rice 1990; Nilsen et al. 1979).
Quantitative approaches include deterministic and statistical methods, and often use
numerical methodologies to develop the relationship between controlling parameters
and landslide occurrence. Deterministic quantitative methods often use a safety factor
to express slope instability according to basic geotechnical principles. However,
deterministic quantitative methods are often confined to regional areas due to the need
for exhaustive data (Terlien et al. 1995). In statistical quantitative approaches, the
concept of landslide frequency (also known as landslide density) is often used by
determine the influence of controlling parameters on landslide occurrence; for example,
with multivariate or bivariate statistical analyses (Carrara 1983; Guzzetti 1993).
Multivariate statistical analyses (MSA) have been widely used in recent years for
landslide mapping. Among the various methods applied to determine landslide
susceptibility in MSA, logistic regression and discriminant analyses are most
commonly used (Guzzetti 1999; Ayalew and Yamagishi 2005; OhImacher and Davis
2003). In this thesis, the rainfall-induced landslide transit characterization in the
Chenyulan River Basin is quantified by using the landslide hazard rating system and
applied to the alarm system design.
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Chapter 5. Uncertainties in Rainfall-induced Landslide
Analyses
A unique Rainfall-induced Landslide Hazard Rating System was developed and
successfully used in a previous study by the author (Chen 2011). In this chapter, the
approach will be applied to the evaluation of reoccurring and new landslides during a
series of typhoon events. Section 5.1 summarizes the methodology of this system.
5.1 Rainfall-induced Landslide Hazard Rating System
The rainfall distribution analysis in the preceding thesis by this author showed that the
precipitation is greatly influenced by the typhoon paths (Chen 2011). In the landslide
hazard rating system, landslide maps (either documenting landslides during one
typhoon event or reoccurring/new landslides by a series of typhoon events) are used to
determine the landslide hazard under different conditions.
5.1.1 Rainfall-induced Landslide Hazard Analysis
Bedrock geology, aspect, and slope are basic factors used in Rainfall-induced
Landslide Hazard Rating System. The reason for using geology as a basic factor is that
the probability of landslide occurrence is affected by the subsurface materials. This
approach has been used previously (Saldivar-Sali and Einstein 2007) with good success
since the soil layers on the surface are often derived from bedrock and the relative
difference between near surface properties can be represented by the relative difference
of the subsurface characteristics.
For each geological unit, the area influenced by landslides is described by calculating
the ratio of landslide area in a particular geological unit to the total area of particular
geological unit (Equation 5.1). Based on the percentage of landslide calculated from
Equation 5.1, a classification of landslides hazard for particular geological units is then
proposed and listed in Table 5.1.
Landslide area in particular geological unit
% of Landslide area = Total Area of particular geological unit
(Equation 5.1)
55
Table 5.1 Classification of landslide percentage
Percentage of 0-2 2-4 4-6 6-8 >8
landslides (%)
Classification 1 2 3 4 5
Aspect is taken into account in this landslide hazard rating system because it is known
that the rainfall distribution is influenced by the direction of the typhoon path when the
front of the rainfall interacts with topography.
Figure 5.1 and 5.2 relate the rainfall distribution to the typhoon paths. For the
Northeastern typhoon path, aspects towards the West, Southwest, and South are more
likely to collect more precipitation, while this is less likely for the Northeast, North,
and East aspects (Figure 5.1). Based on this rationale an aspect classification for the
Northeastern typhoon path is proposed in Table 5.2. The Northeast, North, and East
aspects are classified as Class 1, while the West, Southwest, and South aspects are
Class 3. The Southeast and Northwest aspects are intermediate and classified as Class
2.
The same logic can be applied to the Northwestern typhoon path, and it can be seen in
Figure 5.2 that the East, Southeast and South aspects confront the rainfall front, while
the West, Northwest, and North aspects do not. As a consequence, Class 1 includes the
West, Northwest, and North aspects, while Class 2 contains the Northeast and
Southwest aspects, Class 3 for the East, Southeast and South aspects in Table 5.3.
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Figure 5.1 Relation of Position between Aspect and Typhoon Path (Northeastern)
Table 5.2 Aspect classification for the Northeastern Typhoon Path
Aspect N NE E SE S SW W NW
Classfication 1 1 1 2 3 3 3 2
Figure 5.2 Relation of Position between Aspect and Typhoon Path (Northwestern)
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Typhoon Path (Northeastern)
Typhoon Path (Northwestern)
Table 5.3 Aspect classification for Northwestern Typhoon Path
Aspect N NE E SE S SW W NW
Classification 1 2 3 3 3 2 1 1
In addition, five slope classifications are proposed in Table 5.4. Very often, landslides
are more likely in steep slopes. The reason is that for steeper slopes, the greater the
component of gravity force. Moreover, the water runoff velocity and the erosion rate
are increased with steeper slopes. Hence, a slope factor was taking into consideration
in this analysis.
Table 5.4 Slope classification
Slope (degree) 00~100 100~200 20*~300 300~400 >400
Classification 1 2 3 4 5
To determine the dependency of landslide on topographical and geological variables,
the Normalized Difference Method is introduced in this rainfall-induced landslide
hazard analysis. The dependence on aspect, a topography factor, and on the geological
unit contributing to landslide occurrence is concluded as follows.
*The first step is to determine the relation of aspect with geological units. This is done by
calculating the percentage of each aspect area found in a particular geological unit
(Equation 5.2).
%Aspect area in particular geological unit
Total Area of particular geological unit
(Equation 5.2)
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The percentage of landslide area occurring in each aspect found in a particular
geological unit is determined by Equation 5.3. The percentage of landslide area for
certain typhoon path can be determined by the landslide map of the certain typhoon
path.
% of Landslide area in each aspect class
Landslide area for particular aspect for a particular geologcial unit
Total landslide area for particular geological unit
(Equation 5.3)
The normalized differences between the percentage of landslide area in each aspect for
a given geological unit and the percentage of each aspect area in a given geological unit
are determined with Equation 5.4.
Normalized difference between geology and landslides in each aspect
% of landslide area in each aspect for particular geological unit (Eq. 3) - % of aspect for particular geological unit(Eq. 2)
% of aspect for particular geological unit
(Equation 5.4)
Based on the results from the Normalized Difference Analyses, a modification
process of the classification is proposed: the geological class is modified to a lower
class when the normalized difference is lower than -60, while the geological class is
modified to a higher class when the normalized difference is higher than +90. When the
normalized difference is between -60 to +90, the geological classification remains the
same.
The precedingly introduced factors (geology, aspect, and slope) are now combined in
Table 5.5. For each class of the modified geological class and slope class, an increment
of 2 in hazard rating is assigned. This range of 2 makes it possible to include specific
characterizations of the site if users need to differentiate the degree of hazard based on
his or her judgment.
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Table 5.5 Proposed Rainfall-induced Landslide Hazard Rating chart
Modified Slope Landslide Hazard Modified Slope Landslide Hazard
Geological Class Rating Geological Class Rating
Class Class
6 5 99-98 2 5 59-58
4 97-96 4 57-56
3 95-94 3 55-54
2 93-92 2 53-52
1 91-90 1 51-50
5 5 89-88 1 5 49-48
4 87-86 4 47-46
3 85-84 3 45-44
2 83-82 2 43-42
1 81-80 1 41-40
4 5 79-78 0 5 39-38
4 77-76 4 37-36
3 75-74 3 35-34
2 73-72 2 33-32
1 71-70 1 31-30
3 5 69-68
4 67-66
3 65-64
2 63-62
1 61-60
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5.1.2 Comments on Rainfall-induced Landslide Hazard Rating System
This rating system provides one with a tool for quick estimation of rainfall-induced
landslide hazard with limited information provided, which is very useful particularly
in developing countries. The method presented in section 5.1.1 includes three factors:
geology, aspect, and slope. However, more factors can be included once they are
available, such as geotechnical parameters. The factors can also be selected based on
the regional characterizations and requirements by one's judgment so the rating
system can be the most representative for the specific region.
It is noteworthy that although only one landslide map is used for a particular typhoon
path, this system is not flawed by data insufficiency because it is updatable and
adjustable. The landslide transit characterization, which will be presented in the
following section, can be adopted to refine the rating system in terms of reoccurring
and new landslide areas.
Furthermore, the two-point range in the Hazard Rating chart (Table 5.5) allows users
to differentiate the degree of hazard based on his or her judgment. This method is
aimed at providing a systematic framework to evaluate the rainfall-induced landslide
hazard that may eventually be used for a landslide warning systems.
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5.2 Landslide Hazard Analysis for New and Reoccurring Landslides
The influence of landslide history on current landslide events has often been considered
in landslide hazard assessment (Vares 1984; Guzzetti 1999) and has been proposed as
one of the basic influential factors in Section 4.1. Given this factor, landsides in the
second typhoon event can be divided into two groups: new landslides and reactivated
(reoccurring) landslides.
In section 5.2, new and reoccurring landslides will be evaluated by the so-called
Landslide Transit Characterization and evaluated with the landslide hazard rating
system developed in Section 5.1. Three typhoon events are included for the landslide
transit characterization: Typhoon Toraji (2001), Typhoon Mindulle (2004), and
Typhoon Sinlaku (2008).
5.2.1 Definition of Landslide Transit Characterization
Landslide transit characterization is defined explicitly as landslides occurring during
subsequent typhoon events either affected by the historical landslide in previous
typhoon events or not.
Generally, if a landslide occurred in the same location in both anterior and subsequent
typhoon events, the landslide is defined as a reoccurring landslide. Conversely, when a
landslide took place in a location where no landslides occurred before, it is a new
landslide. Figure 5.3 shows possible temporal landslide occurrence among three
typhoon events. In Figure 5.3(b), not only the elliptical areas (i.e. landslides occur in the
earliest event) but also the rectangular areas (i.e. landslides occurring in the second
event) are included. If the rectangular area overlaps with an elliptical area, the
overlapped rectangular area is defined as a reoccurring landslide. Finally, in Figure
5.3(c) (the schematic landslide map during the last typhoon events), the rhomboid areas
represent the landslides occurring during the last typhoon event; they are defined as
reoccurring landslides when overlapping with either the rectangular areas, the elliptical
areas or both.
To fully understand the landslide transit characterization, landslides maps from three
typhoon events are used for landslide transit characterization analyses: Typhoon
Toraji (2001), Typhoon Mindulle (2004), and Typhoon Sinlaku (2008). Table 5.6
describes three possible combinations of these three events. The representative terms
for these three combinations are Toraji-Mindulle, Toraji-Sinlaku and
Mindulle-Sinlaku.
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Figure 5.3 Schematic sketch of landslide transit in sequence typhoon events
* Elliptical area: landslides occurred in the earliest typhoon event
* Rectangular area: landslides occurred in the subsequent (second) typhoon event
*Rhomboid area: landslides occurred in the last typhoon event
Table 5.6 Typhoon events for Landslide Transit Characterization
Anterior Typhoon Event Subsequent Typhoon Event Representative term
Set 1 Toraj i Typhoon, 2001 Mindulle Typhoon, 2004 Toraji-Mindulle
Set 2 Toraji Typhoon, 2001 Sinlaku Typhoon, 2008 Toraji-Sinlaku
Set 3 Mindulle Typhoon, 2004 Sinlaku Typhoon, 2008 Mindulle-Sinlaku
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To develop the relation of landslides to preceding ones, the so called transit
characterization is introduced. Two approaches are proposed in this study to
investigate the landslide transit characterization:
1. Landslides in the current typhoon event and only one anterior (nearest) typhoon
event; this includes here the Toraji-Mindulle and Mindulle-Sinlaku combinations.
2. Landslides in the current typhoon event and anterior typhoon events that occurred at
different times. This relates here to landslides in Typhoon Sinlaku and its anterior
events, which contains Toraji-Sinlaku and Mindulle-Sinlaku.
With approach 1, the analysis of landslide transit characterization between one typhoon
event and the subsequent event can be investigated. This landslide transit
characterization provides information on landslide migration between typhoon events,
which is helpful in predicting future landslides by zoning the reoccurring and new
landslides.
The influence of different historical typhoon events on the current typhoon events can
be explained by approach 2. In this approach, the Toraji typhoon event is 7 years prior
to the Sinlaku typhoon event, while the Mindulle typhoon event is 4 years prior. By
zoning the new and reoccurring landslides in these two sets of landslide events, the
influence of historical landslide events at different time can be investigated and
combined in the landslide alarm systems.
The definition of reoccurring landslides can be extended to unlimited ensuing typhoon
events. The ultimate goal is to integrate this landslide transit characterization into
landslide mapping, which hopefully can improve landslide alarm systems and be
applied to planning.
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5.2.2 Reoccurring Landslides in Typhoon Mindulle, 2004 (Toraji-Mindulle)
The new and reoccurring landslides in the Mindulle typhoon are determined by
overlapping the landslide maps from Typhoon Toraji and Typhoon Mindulle (Figure
5.4). From the definition in Section 5.2.1, the reoccurring landslide areas are those areas
where landslides occurred during the Toraji typhoon (anterior event) and in the
Mindulle typhoon (subsequent event), while the new landslides areas are the areas
where landslides occurred during the Mindulle typhoon only.
The initial classification of geological formation based on landslide occurrence during
the Mindulle Typhoon, shown in Table 5.7 , is used for this landslide transit
characterization analyses.
The reoccurring and new landslide ratio in particular formations and aspects are shown
in Table 5.8 and Table 5.9 respectively. The Normalized Difference Analyses
(Equation 5.4, Section 5.1) of reoccurring and new landslides are presented in Table
5.10 and Table 5.11.
For reoccurring landslides (Table 5.10), the values are negative under Aspects
Northwest and North in each formation. Moreover, 7 out of 9 formations in the
Northeast aspect show negative values, meaning fewer reoccurring landslides are
observed than expected for the particular topographic factors. This is expected since
the Mindulle typhoon moved towards the North direction, so the aspects North,
Northeast and Northwest should be where the rainfall influence is the smallest.
Nevertheless, there are positive values, meaning more landslides occurred than
expected, in more than 5 formations on aspects West, Southwest, and East. The
highest values are 3847.8 in Alluvium and 659.4 in Chiayang Formation on the
Southeast aspect.
The Normalized Difference Analyses of new landslides occurring during Typhoon
Mindulle is presented in Table 5.11. The values are negative in the North aspect for
all formations, while values in 7 out of 9 formations are negative in the Northeast
aspect. However, there are 7 out of 9 formations with positive values in the Northwest
aspect, showing more new landslides than reoccurring landslides occurred in this
aspect. This may due to the fact that there are fewer landslides occurring during
anterior event (Typhoon Toraji). Therefore, landslides occurring in this aspect are
mostly new landslides. As for positive values, there are more than 4 out of 9
formations observed in Aspects West, South, Southeast and East. It is also worthy to
point out that for both new and reoccurring landslides, the normalized difference
65
values in the Southeast aspect in the Chiayang Formation are both larger than 300
(316.7 for new and 659.4 for reoccurring).
Finally, based on the results (Table 5.10 and Table 5.11), the modified classifications of
landslides in specific formations and aspects are shown in Table 5.12 for reoccurring
landslides and Table 5.13 for new landslides. The geological class is modified to a
lower class when the normalized difference is lower than -60, while the geological class
is modified to a higher class when the normalized difference is higher than +90. When
the normalized difference is between -60 to +90, the geological classification remains
the same.
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Table 5.7 Percentage of landslide area for geological unit in the Midulle typhoon
Landslide % of
Geology area in 2004 Landslide
Formation Area Mindulle ClassificationMindllearea in 2004
(kin 2) (km2) Mindulle
Chiayang Formation 38.088 3.281 8.614 5
Tachien Sandstone 53.229 3.681 6.915 4
Shihpachungchi Formation 54.688 2.691 4.920 3
Alluvium 15.872 0.023 0.146 1
Paileng Formation 17.717 1.022 5.771 3
Shuichangliu Formation 15.732 0.410 2.604 2
Terrace Deposits 5.261 0.231 4.384 3
Juifang Group and its equivalents 63.627 1.096 1.723 1
Sanhsia Group and its equivalents 181.103 8.757 4.836 3
Total 445.317 21.192
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N Landslides Maps of Toraji and Mindulle Typhoons
A Chenyulan River Basin
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Figure 5.4 Landslide maps from the Toraji and Mindulle typhoons in the Chenyulan
River Basin
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Table 5.8 Percentage of reoccurring landslide area in each aspect class for given geological formations (Toraji-Midulle)
Formations North Northeast East Southeast South Southwest West Northwest Sum
Hsitsun Formation, Chiayang 0.00 16.88 18.30 22.30 0.23 7.28 35.00 0.00 100.00
Formation
Tachien Sandstone 0.01 4.38 0.00 2.06 9.50 63.14 16.58 4.32 100.00
Shihpachungchi Formation 2.11 13.34 8.74 1.64 25.99 38.99 5.98 3.22 100.00
Alluvium 0.00 0.00 0.00 78.89 0.00 0.00 21.11 0.00 100.00
Szeleng Sandstone, Meichi 1.29 3.46 0.82 6.08 8.45 45.86 28.02 6.02 100.00
Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, 0.00 0.00 0.00 0.00 0.00 50.47 45.41 4.12 100.00
Shuichangliu Formation
Terrace Deposits 0.00 80.14 7.92 0.00 6.90 5.04 0.00 0.00 100.00
Juifang Group and its 0.00 7.38 16.77 19.49 8.42 13.40 32.75 1.78 100.00
equivalents
Sanhsia Group and its 0.39 11.07 39.85 24.95 3.57 10.22 9.20 0.75 100.00
equivalents
69
Table 5.9 Percentage of new landslide area in each aspect class for given geological formations (Toraji-Midulle)
Geological Formation North Northeast East Southeast South Southwest West Northwest Sum
Hsitsun Formation, Chiayang 1.97 12.22 1.63 12.24 5.73 7.44 18.58 40.19 100.00Formation
Tachien Sandstone 5.50 16.45 6.48 3.26 6.37 15.62 17.82 28.50 100.00
Shihpachungchi Formation 7.08 6.07 8.41 6.42 0.57 15.91 30.28 25.25 100.00
Alluvium 0.00 0.00 54.31 0.00 0.00 0.00 0.00 45.69 100.00
Szeleng Sandstone, Meichi
Sandstone, Paileng 7.87 16.00 0.00 18.86 1.34 6.59 27.11 22.23 100.00
Formation
Tatungshan Formation,
Kangkou Formation, 0.00 0.00 0.00 0.00 55.81 0.00 0.00 44.19 100.00
Shuichangliu Formation
Terrace Deposits 0.00 2.10 8.79 0.00 0.00 66.60 22.52 0.00 100.00
Juifang Group and its 10.68 7.94 6.29 5.11 8.94 5.48 19.53 36.02 100.00
equivalents
Sanlisia Group and its 3.01 16.61 22.69 29.38 7.17 4.92 8.40 7.81 100.00
equivalents
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Table 5.10 Normalized difference of landslide ratio in each aspect for a given geological formation in Mindulle typhoon (Reoccurring landslide area)
Geological Formation flat (-1) North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang - -100.0 -10.3 108.3 659.4 -93.8 -67.6 59.9 -100.0
Formation
Tachien Sandstone - -99.9 -65.2 -100.0 -43.6 -13.0 161.5 -20.6 -67.6
Shihpachungchi Formation - -84.9 25.7 120.5 -59.7 71.3 85.8 -68.6 -73.6
Alluvium -100.0 -100.0 -100.0 -100.0 3847.8 -100.0 -100.0 -23.5 -100.0
Szeleng Sandstone, Meichi - -87.2 -57.9 -52.4 97.1 -2.8 73.9 15.0 -65.5
Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -100.0 176.0 72.8 -80.5
Shuichangliu Formation
Terrace Deposits - -100.0 260.7 -54.3 -100.0 102.4 -60.4 -100.0 -100.0
Juifang Group and its - -100.0 -47.0 2.6 55.0 20.5 79.1 147.4 -89.4
equivalents
Sanhsia Group and its -100.0 -97.4 -47.2 92.8 82.3 -48.1 109.5 25.5 -92.9
equivalents
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Table 5.11 Normalized difference of landslide ratio in each aspect for a given geological formation in Mindulle typhoon (New landslide area)
Geological Formation flat (-1) North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang - -81.4 -35.1 -81.4 316.7 51.6 -66.9 -15.1 276.1
Formation
Tachien Sandstone - -48.7 30.6 73.1 -10.5 -41.7 -35.3 -14.7 113.6
Shihpachungchi Formation - -49.3 -42.8 112.3 57.9 -96.2 -24.2 58.9 107.2
Alluvium -100.0 -100.0 -100.0 1437.6 -100.0 -100.0 -100.0 -100.0 103.1
Szeleng Sandstone, Meichi - -22.0 94.8 -100.0 511.5 -84.6 75.0 11.2 27.4Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 474.4 -100.0 -100.0 108.9
Shuichangliu Formation
Terrace Deposits - -100.0 -90.6 -49.3 -100.0 -100.0 422.3 86.4 -100.0
Juifang Group and its - -15.3 -42.9 -61.5 -59.3 28.0 -26.8 47.5 113.8
equivalents
Sanhsia Group and its -100.0 -79.9 -20.7 9.8 114.7 4.3 0.9 14.6 -26.5
equivalents
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Table 5.12 Modified classification of landslide hazard (Reoccurring landslides in
Typhoon Mindulle)
Aspect Normalized Aspect Modified Aspect Normalized Aspect Modified
Difference Class Class Difference Class Class
SW -67.6 3 4 SW 161.5 3 5
in S -93.8 3 4 S -13.0 3 4
.9 ce w 59.9 3 5 : I w -20.6 3 4
NW -100.0 2 4 ' q a NW -67.6 2 3
Y SE 659.4 2 6 a SE -43.6 2 4
NE -10.3 1 5 NE -65.2 1 3
C N -100.0 1 4 N -99.9 1 3
E 108.3 1 6 E -100.0 1 3
SW 85.8 3 3 SW 73.9 3 3
s S 71.3 3 3 S -2.8 3 3
W -68.6 3 2 .0 e w 15.0 3 3
. NW -73.6 2 2 . NW -65.5 2 2
e SE -59.7 2 3 & SE 97.1 2 4
8 NE 25.7 1 3 . 2 NE -57.9 1 3
N -84.9 1 2 N -87.2 1 2
E 120.5 1 4 E -52.4 1 3
SW -60.4 3 2 SW 109.5 3 4
S 102.4 3 4 S -48.1 3 3
W -100.0 3 2 5 W 25.5 3 3
NW -100.0 2 2 - S NW -92.9 2 2
2 SE -100.0 2 2 0 SE 82.3 2 3
8 NE 260.7 1 4 8 2 NE -47.2 1 3
N -100.0 1 2 N -97.4 1 2
E -54.3 1 3 E 92.8 1 4
SW 176.0 3 3 SW -100.0 3 0
S -100.0 3 1 S -100.0 3 0
W 72.8 3 2 W -23.5 3 1
NW -80.5 2 1 E , NW -100.0 2 0
=U SE -100.0 2 1 SE 3847.8 2 2
NE -100.0 1 1 NE -100.0 1 0
N -100.0 1 1 N -100.0 1 0
E -100.0 1 1 E -100.0 1 0
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Table 5.12 Modified classification of landslide hazard (Reoccurring landslides in
Typhoon Mindulle) (continued)
SW 79.1 3 1
S 20.5 3 1
) W 147.4 3 2
NW -89.4 2 0
SE 55.0 2 1
2 NE -47.0 1 1
N -100.0 1 0
Normalized
Difference
Cu
Cu
"Cu
Cu
Cu
Cu
0
I-
Cu
Cu
2.6 1 1
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Table 5.13 Modified classification of landslide hazard (New landslides in Typhoon
Mindulle)
Aspect Normalized Aspect Modified Aspect Normalized Aspect Modified
Difference Class Class Difference Class Class
SW -66.9 3 4 SW -35.3 3 4
C- S 51.6 3 5 S -41.7 3 4
W -15.1 3 5 W -14.7 3 4
" NW 276.1 2 6 0 NW 113.6 2 5
N SE 316.7 2 6 0 SE -10.5 2 4
NE -35.1 1 5 cc NE 30.6 1 4
N -81.4 1 4 N -48.7 1 4
E -81.4 1 4 E 73.1 1 4
SW -24.2 3 3 SW -75.0 3 2
S -96.2 3 2 S -84.6 3 2
W -24.2 3 3 s W 11.2 3 3
3 NW 107.2 2 4 m NW 27.4 2 3
SE 57.9 2 3 SE 511.5 2 4
6 NE -42.8 1 3 : NE 94.8 1 4
.S N -49.3 1 3 N -22.0 1 3
C,
E 112.3 1 4 E -100.0 1 2
SW 422.3 3 4 SW 0.9 3 3
S -100.0 3 2 . S 4.3 3 3
3 W 86.4 3 3 W 14.6 3 3
= NW -100.0 2 2 v .9 NW -26.5 2 3
SE -100.0 2 2 - SE 114.7 2 4
NE -90.6 1 2 0 NE -20.7 1 3
N -100.0 1 2 N -79.9 1 2
E -49.3 1 3 m E 9.8 1 3
SW -100.0 3 1 SW -100.0 3 0
S 474.4 3 3 S -100.0 3 0
W -100.0 3 1 W -100.0 3 0
NW 108.9 2 3 4 NW 103.1 2 2
SE -100.0 2 1 3 SE -100.0 2 0
NE -100.0 1 1 NE -100.0 1 0
N -100.0 1 1 N -100.0 1 0
E -100.0 1 1 E 1437.6 1 2
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Table 5.13 Modified classification of landslide hazard (New landslides in Typhoon
Mindulle) (continued)
Aspect Normalized Aspect Modified
Difference Class Class
SW -26.8 3 1
S 28.0 3 1
W 47.5 3 1
NW 113.8 2 2
S SE -59.3 2 1
Q NE -42.9 1 1
N -15.3 1 1
E -61.5 1 0
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5.2.3 Reoccurring Landslides in Typhoon Sinlaku, 2008 (Toraji-Sinlaku)
The reoccurring landslides in Typhoon Sinlaku can be influenced by historical
typhoons, such as Typhoons Toraji and Mindulle. Therefore, the new and reoccurring
landslides can be divided into two sets, Toraji-Sinlaku and Mindulle-Sinlaku, as
described in Table 5.6. The landslide transit characterization during Typhoon Sinlaku is
investigated first under the influence of Typhoon Toraji below, while the effect of
Typhoon Mindulle is presented in section 5.2.4.
The new and reoccurring landslides in the Sinlaku typhoon are determined by
overlapping the landslide maps from Typhoon Toraji and Typhoon Sinlaku (Figure 5.5).
The reoccurring and new landslides were defined in Section 5.2.1. Table 5.14
(reoccurring landslides) and Table 5.15 (new landslides) indicate the landslide ratio in
particular formations and aspects in the Toraji-Sinlaku set. The Normalized Difference
Analyses (Equation 5.4, Section 5.1) of reoccurring and new landslides are presented in
Table 5.16 and Table 5.17.
In Table 5.16, there are 5 aspects with more than 7 negative normalized difference
values in different formations; they are the North, Northeast, East, West and the
Northwest. However, there are no reoccurring landslides found in aspects Northwest
and North and the Alluvium Formation (normalized difference values are all equal to
-100). The highest positive normalized difference values (over 400) are in Aspects
Southwest, South and Southeast, which is expected since the Typhoon Sinlaku was
moving towards the Northwestern direction. In the South aspect, all positive values
are over 200.
On the other hand, for the new landslide Normalized Difference Analysis (Table 5.17),
there are no landslides found in the Alluvium and Chiayang Formations and the North
aspect. At least 6 negative normalized difference values can be found in each aspect.
In addition, more than 60% of the negative values are -100 (no landslide), which
indicates that the new landslides are less likely to be observed when compared to the
Toraji and Sinlaku typhoon events.
Furthermore, based on the normalized difference analyses (Table 5.16 and Table 5.17),
the modified classifications of landslides in specific formations and aspects are
proposed in Table 5.18 for reoccurring landslides and Table 5.19 for new landslides
according to following method: the geological class is modified to a lower class when
the normalized difference is lower than -60, while the geological class is modified to a
higher class when the normalized difference is higher than +90. When the normalized
difference is between -60 to +90, the geological classification remains the same.
77
Landslide Maps of Toraji and Sinlaku Typhoons
Chenyulan River Basin
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Figure 5.5 Landslide maps from the Toraji and Sinlaku typhoons in the Chenyulan
River Basin
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Table 5.14 Percentage of reoccurring landslide area in each aspect class for given geological formations (Toraji-Sinlaku)
Formations North Northeast East Southeast South Southwest West Northwest Sum
hsiayan Formation 0.00 9.59 40.28 0.00 0.00 49.24 0.89 0.00 100.00
Tachien Sandstone 0.00 0.75 2.34 0.00 68.13 24.88 3.90 0.00 100.00
Shihpachungchi Formation 0.00 9.86 3.52 6.64 58.61 21.37 0.00 0.00 100.00
Alluvium - - - - - -
Szeleng Sandstone, Meichi
Sandstone, Paileng 0.00 7.11 0.00 17.05 30.01 37.01 8.82 0.00 100.00
Formation
Tatungshan Formation,
Kangkou Formation, 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 100.00
Shuichangliu Formation
Terrace Deposits 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Juifang Group and its 0.00 8.56 0.00 75.50 6.75 6.52 2.67 0.00 100.00equivalents
Sanhsia Group and its 0.00 16.86 34.71 35.98 3.04 7.42 1.99 0.00 100.00equivalents
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Table 5.15 Percentage of new landslide area in each aspect class for given geological formations (Toraji-Sinlaku)
Formations North Northeast East Southeast South Southwest West Northwest Sum
Hsitsun Formation, Chiayang
Formation
Tachien Sandstone 1.60 6.52 12.04 3.95 19.56 15.83 38.29 2.21 100
Shihpachungchi Formation 1.07 0.51 3.04 15.41 46.96 10.27 10.86 11.88 100
Alluvium - - - - - - - -
Szeleng Sandstone, Meichi
Sandstone, Paileng 0.00 15.51 0.00 0.00 59.40 0.00 0.00 25.08 100
Formation
Tatungshan Formation,
Kangkou Formation, 0.00 96.19 0.00 0.00 3.81 0.00 0.00 0.00 100
Shuichangliu Formation
Terrace Deposits 0.00 0.00 57.93 0.00 0.00 0.00 0.00 42.07 100
Juifang Group and its 2.91 15.91 12.55 0.00 0.00 19.13 49.50 0.00 100
equivalents
Sanhsia Group and its 1.12 24.05 41.50 26.59 0.57 2.63 2.80 0.74 100
equivalents
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Table 5.16 Normalized difference of landslide ratio in each aspect for a given geological formation in Sinlaku typhoon (Reoccurring landslide area)
Geological Formation flat (-1) North Northeast East Southeast South Southwest West Northwest
hiayun Formation -100.0 -100.0 -49.1 358.4 -100.0 -100.0 119.0 -95.9 -100.0
Tachien Sandstone -100.0 -100.0 -94.1 -37.4 -100.0 523.6 3.0 -81.3 -100.0
Shihpachungchi Formation -100.0 -100.0 -7.1 -11.2 63.3 286.4 1.8 -100.0 -100.0
Alluvium -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi
Sandstone, Paileng -100.0 -100.0 -13.5 -100.0 453.0 245.2 40.3 -63.8 -100.0
Formation
Tatungshan Formation,
Kangkou Formation, -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 447.0 -100.0 -100.0
Shuichangliu Formation
Terrace Deposits -100.0 -100.0 350.1 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Juifang Group and its -100.0 -100.0 -38.5 -100.0 500.3 
-3.4 -12.9 -79.8 -100.0
equivalents
Sanhsia Group and its -100.0 -100.0 -19.5 68.0 163.0 -55.8 52.0 -72.8 -100.0
equivalents
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Table 5.17 Normalized difference of landslide ratio in each aspect for a given geological formation in Sinlaku typhoon (New landslide area)
Geological Formation flat (-1) North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Chiayang Formation
Tachien Sandstone -100.0 -85.0 -48.2 221.5 8.4 79.1 -34.4 83.2 -83.4
Shihpachungchi Formation -100.0 -92.4 -95.2 -23.3 278.8 209.5 -51.0 -43.0 -2.5
Alluvium -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi
Sandstone, Paileng -100.0 -100.0 88.9 -100.0 -100.0 583.4 -100.0 -100.0 43.8
Formation
Tatungshan Formation,
Kangkou Formation, -100.0 -100.0 1118.4 -100.0 -100.0 -60.8 -100.0 -100.0 -100.0
Shuichangliu Formation
Terrace Deposits -100.0 -100.0 -100.0 234.0 -100.0 -100.0 -100.0 -100.0 272.6
Juifang Group and its -100.0 -76.9 14.3 -23.2 -100.0 -100.0 155.6 273.9 -100.0
equivalents
Sanhsia Group and its -100.0 -92.5 14.8 100.8 94.3 -91.7 -46.2 -61.8 -93.1
equivalents
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Table 5.18 Modified classification of landslide hazard (Reoccurring landslides in
Sinlaku Typhoon) (continued)
Aspect Normalized
IDifference
0
-S
-79.8
SE 500.3 3 2
S -3.4 3 1
} E -100.0 3 0
O NE -38.5 2 1
2 SW -12.9 2 1
2 NW -100.0 1 0
N -100.0 1 0
1 0W
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'' Aspect
Class
Modified
Class
Table 5.19 Modified classification of landslide hazard (New landslides in Sinlaku
Typhoon)
Aspect Normalized Aspect Modified Aspect Normalized Aspect Modified
Difference Class Class Difference Class Class
SE -100.0 3 4 SE 8.4 3 4
S -100.0 3 4 S 79.1 3 4
E -100.0 3 4 E 221.5 3 5
W
NE -100.0 2 4 v S NE -48.2 2 4
i SW -100.0 2 4 m SW -34.4 2 4
S~ 0
NW -100.0 1 4 " NW -83.4 1 3
N -100.0 1 4 N -85.0 1 3
W -100.0 1 4 W 83.2 1 4
SE 278.8 3 4 SE -100.0 3 2
S 209.5 3 4 S 583.4 3 4
E -23.3 3 3 E -100.0 3 2
. NE -95.2 2 2 S NE 88.9 2 3
a SW -51.0 2 3 to SW -100.0 2 2
NW -2.5 1 3 NW 43.8 1 3
N -92.4 1 2 N -100.0 1 2
W -43.0 1 3 W -100.0 1 2
SE -100.0 3 2 SE 94.3 3 4
S -100.0 3 2 4! S -91.7 3 2
E 234.0 3 4 ' E 100.8 3 4
0 EA- r
-1 NE -100.0 2 2 o . NE 14.8 2 3
9Z SW -100.0 2 2 SW -46.2 2 3
NW 272.6 1 4 Z NW -93.1 1 2
N -100.0 1 2 N -92.5 1 2
W -100.0 1 2 W -61.8 1 2
SE -100.0 3 1 SE -100.0 3 0
S -60.8 3 1 S -100.0 3 0
E -100.0 3 1 - E -100.0 3 0
3 NE 1118.4 2 3 _ q NE -100.0 2 0
a SW -100.0 2 1 SW -100.0 2 0
NW -100.0 1 1 NW -100.0 1 0
N -100.0 N -100.0 1 0
W -100.0 1 1 W -100.0 1 0
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Table 5.19 Modified classification of landslide hazard (New landslides in Sinlaku
Typhoon) (continued)
Aspect Normalized Aspect
Difference Class
Modified
Class
SE -100.0 3 0
S -100.0 3 0
E -23.2 3 1
NE 14.3 2 1
SW 155.6 2 2
NW -100.0 1 0
N -76.9 1 0
Cu
Cu
U)
Cu
Cu 1
Cu -
0
Cu
Cu
Cu
273.9 1 2W
86
5.2.4 Reoccurring Landslides in Typhoon Sinlaku, 2008 (Mindulle-Sinlaku)
Two landslide maps, from the Mindulle and Sinlaku typhoons, are used to investigate
the landslide transit characterization. The new and reoccurring landslides are
distinguished by overlaying the Mindulle typhoon landslide map to the Sinlaku
typhoon landslide map (Figure 5.6). The reoccurring landslide areas are those areas
where landslides took place during the Mindulle typhoon and the Sinlaku typhoon,
while the new landslides areas are the areas where landslides occurred only during the
Sinlaku typhoon. The landslide occurrence influenced by geological units is initially
determined by selecting the 2004 Mindulle Typhoon Landslide map (Table 5.7). The
reason why the Sinlaku typhoon landslide map is not used for geological analysis is that
the landslide area during the Sinlaku typhoon is smaller than for the Mindulle typhoon,
and the area is too small to distinguish geological units; the classification is less
representative with landslide area ratios all under 3%.
Table 5.20 and Table 5.21 show the percentage of reoccurring and new landslide area
respectively during the Sinlaku typhoon for given formations. The Normalized
Difference Method used in the previous analysis, which determines the dependency of
aspect on the geological units, is applied to understand the landslide hazard of new and
reoccurring landslides in the Chenyulan River basin. The results are shown in Table
5.22 (reoccurring landslides) and Table 5.23 (new landslides).
For new landslide during the Sinlaku typhoon (Mindulle-Sinlaku), the landslide area is
larger than expected in the Tachien Sandstone, Shihpachungchi Formation and
Alluvium, since the highest positive normalized difference values were found in these
formations, particularly with Southeast aspect in Table 5.23. It is possible to say that in
these three formations, new landslides are more likely to occur than expected for the
particular topographical factors. However, unlike the new landslides, we can only see
the highest positive values for reoccurring landslides in one or two aspects in a given
geology. For instance, in the Terrace Deposits, the normalized difference value exceeds
200 only in the Northeast aspect, showing a value of 350.1 in Table 5.22.
Another noteworthy fact is that from the Normalized Difference Analysis for new
landslides Table 5.23), there are several formations where new landslides occurred in
only one aspect, such as the Northeastern aspect in the Chiayang Formation
(normalized difference: 431.2), the Southern aspect in the Paileng Formation
(normalized difference: 1050.5), and the Southeastern aspect in the Alluvium
(normalized difference: 4904.5). This trend can also be observed in the Normalized
Difference Analysis for reoccurring landslide (Table 5.22): reoccurring landslides only
occurred on the Western aspect in the Shuichangliu Formation (normalized difference:
280.5), and the Northeastern aspect in the Terrace Deposits (normalized difference:
350.1).
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Based on the results presented in Table 5.22 and Table 5.23, modifications of the
classification are applied: the geological class is modified to a lower class when the
normalized difference is lower than -60, while the geological class is modified to a
higher class when the normalized difference is higher than +90. When the normalized
difference is between -60 to +90, the geological classification remains the same. The
modified landslide hazard classifications for geological units relating to reoccurring
and new landslides are proposed and presented in Table 5.24 and Table 5.25.
The comparison and discussion of landslide transit characterization with two
approaches based on the landslide hazard classifications are presented in the following
section.
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Figure 5.6 Landslide maps from the Mindulle and Sinlaku typhoons in the Chenyulan
River Basin
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Table 5.20 Percentage of Sinlaku typhoon reoccurring landslide area in each aspect class for given geological units (Mindulle-Sinlaku)
Percentage of reoccurring landslides area in each aspect class (%) Sum
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 0.00 0.00 10.52 39.66 0.00 0.06 48.48 1.28 0.00 100.00Formation
Tachien Sandstone 0.00 0.14 1.29 0.77 2.05 64.30 24.44 7.00 0.00 100.00
Shihpachungchi Formation 0.00 4.36 8.46 4.19 6.50 55.15 19.67 1.34 0.33 100.00
Alluvium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sandtone Paileng ormatin 0.00 0.00 8.44 0.00 14.86 33.13 32.26 7.69 3.63 100.00
Tatungshan Formation, Kangkou
Formation, Shuichangliu Formation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 100.00
Terrace Deposits 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Juifang Group and its equivalents 0.00 1.55 13.63 0.00 70.03 6.26 6.05 2.48 0.00 100.00
Sanhsia Group and its equivalents 0.00 0.03 16.68 35.81 36.00 2.31 6.68 2.48 0.00 100.00
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Table 5.21 Percentage of Sinlaku Typhoon new landslide area in each aspect class for given geological units (Mindulle-Sinlaku)
Percentage of new landslides area in each aspect class (%) Sum
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Formation
Tachien Sandstone 0.00 0.00 0.00 13.98 10.45 51.73 13.86 4.14 5.85 100.00
Shihpachungchi Formation 0.00 1.11 0.76 0.47 20.24 53.18 10.68 11.56 2.00 100.00
Alluvium 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 100.00
Szeleng Sandstone, Meichi 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 100.00
Sandstone, Paileng Formation
Tatungshan Formation, Kangkou 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Formation, Shuichangliu Formation
Terrace Deposits 0.00 0.00 0.00 57.93 0.00 0.00 0.00 0.00 42.07 100.00
Juifang Group and its equivalents 0.00 0.00 6.05 14.53 0.00 0.00 22.13 57.29 0.00 100.00
Sanhsia Group and its equivalents 0.00 1.78 25.97 40.70 22.71 4.04 3.51 0.00 1.30 100.00
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Table 5.22 Normalized difference of landslide ratio in each aspect for a given geological unit in Sinlaku Typhoon (Reoccurring landslide area)
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 
- -100.0 -44.1 351.3 -100.0 -98.3 115.7 -94.2 -100.0
Formation
Tachien Sandstone - -98.6 -89.7 -79.5 -43.7 488.6 1.2 -66.5 -100.0
Shihpachungchi Formation - -68.8 -20.3 5.8 59.7 263.6 -6.2 -92.9 -97.3
Alluvium -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi - -100.0 2.7 -100.0 381.9 281.2 22.3 -68.5 -79.2Sandstone, Paileng Formation
Tatungshan Formation, Kangkou - -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 280.5 -100.0Formation, Shuichangliu Formation
Terrace Deposits - -100.0 350.1 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Juifang Group and its equivalents - -87.7 -2.0 -100.0 456.8 -10.3 -19.2 -81.3 -100.0
Sanhsia Group and its equivalents -100.0 -99.8 -20.4 73.3 163.1 -66.4 36.9 -66.1 -100.0
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Table 5.23 Normalized difference of landslide ratio in each aspect for a given geological unit in Sinlaku Typhoon (New landslide area)
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 
- -100.0 431.2 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0Formation
Tachien Sandstone - -100.0 -100.0 273.4 186.7 373.6 -42.6 -80.2 -56.2
Shihpachungchi Formation - -92.1 -92.8 -88.1 397.4 250.6 -49.1 -39.3 -83.6
Alluvium -100.0 -100.0 -100.0 -100.0 4904.5 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi
Sandstone, Paileng Formation - -100.0 -100.0 -100.0 -100.0 1050.5 -100.0 -100.0 -100.0
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Shuichangliu Formation
Terrace Deposits - -100.0 -100.0 234.0 -100.0 -100.0 -100.0 -100.0 272.6
Juifang Group and its
equivalents - -100.0 -56.5 -11.1 -100.0 -100.0 195.8 332.7 -100.0
equhialeou nts
Sansia Group and its -100.0 -88.1 23.9 96.9 66.0 
-41.3 -28.1 -100.0 -87.8equivalents
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Table 5.24 Modified classification of landslide hazard (Reoccurring landslides in Sinlaku
Typhoon)
Aspect Normalized Aspect Modified Aspect Normalized Aspect Modified
Difference Class Class Difference Class Class
SE -100.0 3 4 SE -43.7 3 4
5n S -98.3 3 4 S 488.6 3 5
.ae E 351.3 3 6 g E -79.5 3 3
4 U u
NE -44.1 2 5 " NE -89.7 2 3
Sw 115.7 2 6 % SW 1.2 2 4
*
NW -100.0 1 4 NW -100.0 1 3
N -100.0 1 4 N -98.6 1 3
W -94.2 1 4 W -66.5 1 3
SE 59.7 3 3 SE 381.9 3 4
S 263.6 3 4 S 281.2 3 4
E 5.8 3 3 E -100.0 3 2
S NE -20.3 2 3 . NE 2.7 2 3
SW -6.2 2 3 SW 22.3 2 3
6 NW -97.3 1 2 NW -79.2 1 2
N -68.8 1 2 N -100.0 1 2
W -92.9 1 2 W -68.5 1 2
SE -100.0 3 2 SE 163.1 3 4
S -100.0 3 2 , S  -66.4 3 2
4 E -100.0 3 2 ' E 73.3 3 3
. NE 350.1 2 4 '.9 NE -20.4 2 3
w SW -100.0 2 2 . SW 36.9 2 3
w NW -100.0 1 2 NW -100.0 1 2
N -100.0 1 2 N -99.8 1 2
W -100.0 1 2 W -66.1 1 2
SE -100.0 3 1 SE -100.0 3 0
S -100.0 3 1 S -100.0 3 0
C a E -100.0 3 1 E -100.0 3 0
NE -100.0 2 1 NE -100.0 2 0
Pa SW -100.0 2 1 SW -100.0 2 0
Cd 0 1P
. NW -100.0 1 1 2 NW -100.0 1 0
N -100.0 1 1 N -100.0 1 0
W 280.5 1 3 W -100.0 1 0
94
Table 5.24 Modified classification of landslide hazard (Reoccurring landslides in Sinlaku
Typhoon) (continued)
Aspect Normalized Aspect Modified
Difference Class Class
SE 456.8 3 2
S -10.3 3 1
a E -100.0 3 0
NE -2.0 2 1
SW -19.2 2 1
NW -100.0 1 0
N -87.7 1 0
W -81.3 1 0
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Table 5.25 Modified classification of landslide hazard (New landslides in Sinlaku Typhoon)
Aspect Normalized Aspect Modified Aspect Normalized Aspect Modified
Difference Class Class Difference Class Class
SE -100.0 3 4 SE 186.7 3 5
S -100.0 3 4 S 373.6 3 5
E -100.0 3 4 E 273.4 3 5
NE 431.2 2 6 . NE -100.0 2 3
SW -100.0 2 4 SW -42.6 2 4
o a NW -100.0 1 4 "$ NW -56.2 1 4
N -100.0 1 4 N -100.0 1 3
W -100.0 1 4 W -80.2 1 3
SE 397.4 3 4 SE -100.0 3 2
S 250.6 3 4 S 1050.5 3 4
E -88.1 3 2 E -100.0 3 2
A NE -92.8 2 2 A NE -100.0 2 2
U
SW -49.1 2 3 ti SW -100.0 2 2
NW -83.6 1 2 NW -100.0 1 2
N -92.1 1 2 N -100.0 1 2
W -39.3 1 3 W -100.0 1 2
SE -100.0 3 2 SE 66.0 3 3
S -100.0 3 2 S -41.3 3 3
E 234.0 3 4 E E 96.9 3 4
M~ uA
A NE -100.0 2 2 v A NE 23.9 2 3
8 SW -100.0 2 2 C. & SW -28.1 2 3
a NW 272.6 1 4 NW -87.8 1 2
N -100.0 1 2 '7 N -88.1 1 2
W -100.0 1 2 W -100.0 1 2
SE -100.0 3 1 SE 4904.5 3 2
C S -100.0 3 1 S -100.0 3 0
E -100.0 3 1 E -100.0 3 0
NE -100.0 2 1 i NE -100.0 2 0
a SW -100.0 2 1 SW -100.0 2 0
. 2 NW -100.0 1 1 a NW -100.0 1 0
N -100.0 1 1 N -100.0 1 0
W -100.0 1 W -100.0 1 0
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Table 5.25 Modified classification of landslide hazard (New landslides in Sinlaku Typhoon)
(continued)
Aspect Normalized Aspect Modified
Difference Class Class
SE -100.0 3 0
- S -100.0 3 0
E -11.1 3 1
NE -56.5 2 1
SW 195.8 2 2
NW -100.0 1 0
N -100.0 1 0
W 332.7 1 2
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5.2.5 Comments on Landslide Hazard Analysis for New and Reoccurring Landslides
To investigate the landslide transit characterization by using the landslide hazard rating
system developed in section 5.1, the tables showing the landslide hazard classifications at the
end of section 5.2.2, 5.2.3 and 5.2.4 are used for comparison based of the approaches defined
in section 5.2.1:
1. Landslides in the current typhoon event and only one anterior (nearest) typhoon event;
2. Landslides in the current typhoon event and anterior typhoon events at different times.
With approach 1, the results of Normalized Difference Analyses from Toraji-Mindulle and
Mindulle-Sinlaku are compared to investigate the landslide hazard transition between a
current typhoon event and one anterior typhoon event. Table 5.26 is the comparison of
modified hazard classification of new landslides based on Table 5.13 (Toraji-Mindulle) and
Table 5.25 (Mindulle-Sinlaku), while Table 5.27 presents the comparison of modified hazard
classifications in reoccurring landslides according to Table 5.12 (Toraji-Mindulle) and Table
5.24(Mindulle-Sinlaku).
The symbol "-" means the landslide hazard classification is the same in Toraji-Mindulle and
Mindulle-Sinlaku. Positive numbers indicate that the landslide classifications in
Mindulle-Sinlaku are higher than in Toraji-Mindulle, while negative numbers mean that the
classifications in Mindulle-Sinlaku are lower than in Toraji-Mindulle by the number shown.
The same philosophy is used for comparison with approach 2, where the landslide hazard
classification from Toraji-Sinlaku and Mindulle-Sinlaku are selected and contrasted. The
results are shown in Table 5.28 (Comparison of modified new landslide hazard classification
based on Toraji-Sinlaku and Mindulle-Sinlaku) and Table 5.29 (Comparison of modified
reoccuring landslide hazard classification based on Toraji-Sinlaku and Mindulle-Sinlaku);
positive numbers indicate the landslide classifications in Mindulle-Sinlaku are higher than in
Toraji-Sinlaku, while negative numbers indicate that the classifications in Mindulle-Sinlaku
are lower than in Toraji-Sinlaku by the number indicated.
In Table 5.26 (new landslides transit characterization using approach 1), there are 29
negative numbers and 13 positive numbers, showing that the new landslides are less likely to
occur since most of the modified new landslide classifications are the same or lower in
Mindulle-Sinlaku than in Toraji-Mindulle. More importantly, there are only negative
numbers in the Shuichangliu Formation and in the North aspect. 11 out of 13 positive
numbers are distributed in the Northeast, East, Southeast, South and Southwest aspects
(aspect classification 2 and 3 in Table 5.3), which shows the great influence of typhoon path
on the new landslide transit characterization.
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Of the 25 numbers in Table 5.27, 18 are negative while only 7 are positive. Specifically, the
hazard classifications of formations in the East aspect are the same or less in the
Mindulle-Sinlaku than Toraji-Mindulle, which may indicate that there is a decreasing
likelihood of landslide reoccurrence in the East aspect in subsequent events. This can also be
seen in the Terrace Deposits and Alluvium Formations. Additionally, there is only one
positive number in the West, Southwest aspects and in the Sanhsia Formation, which may
also refer to the decreasing trend in landslide reoccurrence. Secondly, except the +1 in the
west aspect of the Shuichangliu Formation, the other positive numbers are distributed in the
Southeast and South aspects (aspect classification 2 and 3 in Table 5.3). This also shows that
the typhoon path plays an important role in the evaluation of landslide hazard, since the 6 out
of 7 positive numbers are distributed in the Southeast, South and the Southwest aspects.
With approach 2, in the new landslide hazard classification (Table 5.28), there is no
particular trend regarding a decrease or increase in the modified classification in specific
aspects between sets Mindulle-Sinlaku and Toraji-Sinlaku. 6 out of 14 numbers are positive
and 8 of them are negative. However, in the Shihpachungchi and Paileng Formations, the
numbers are the same or negative in all aspects, showing the new landslide hazard
classifications are the same or higher in Toraji-Sinlaku than in Mindulle-Sinlaku, which
might indicate that older anterior landslide events have higher influence on the current event
than the nearer anterior events in these two formations.
As for the the modified classifications of reoccurring landslides based on Mindulle-Sinlaku
and Toraji-Sinlaku, they are mostly the same with only 5 numbers in Table 5.29, showing
that there is no much differences between Mindulle-Sinlaku and Toraji-Sinlaku. This may
indicate that for reoccurring landslides, the historical landslides have the same influence on
the current event regardless of occurrence time. Moreover, landslides with historical records
of landslide occurrence are very likely to occur repeatedly during the subsequent typhoon
events in this study area.
It is also worth pointing out that in Table 5.26 to Table 5.29, majority of the hazard
classifications remain the same (with symbol "-") regardless the selection of typhoon events,
which indicates that the landslide hazard classification provides a good estimation of
landslide occurrence in the Chenyulan River basin based on the factors used in this study.
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Table 5.26 Difference of hazard classification in new landslides using approach 1: Toraji-Mindulle and Mindulle-Sinlaku
Formations North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang 
- +1 - -2 -1 - -1 -2
Formation
Tachien Sandstone -1 -1 +1 +1 +1 - -1 -1
Shihpachungchi Formation -1 -1 -2 +1 +2 - - -2
Alluvium - - -2 +2 - - - -2
Szeleng Sandstone, Meichi
Sandstone, Paileng -1 -2 -2 +2 - -1 -1
Formation
Tatungshan Formation,
Kangkou Formation, - - - - -2 - - -2
Shuichangliu Formation
Terrace Deposits - - +1 - - -2 -1 +2
Juifang Group and its 
-2 -1 +1 +1 -1
equivalents
Sanhsia Group and its +1 -1 
-1
equivalents
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Table 5.27 Difference of hazard classification in reocurring landslides using approach 1: Toraji-Mindulle and Mindulle-Sinlaku
Formations North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang - - -2 - ±2 -1
Formation
Tachien Sandstone - - - - +1 -1 -1
Shihpachungchi Formation - - -1 - +1 -
Alluvium - - - -2 - - -1
Szeleng Sandstone, Meichi
Sandstone, Paileng - - -1 - +1 - -1
Formation
Tatungshan Formation,
Kangkou Formation, - - - - - -2 +1
Shuichangliu Formation
Terrace Deposits - - -1 - -2 - -
Juifang Group and its
euvlns- - -1 +1 - - -2-equivalents
Sanhsia Group and its
equivalents - - -1 +1 -1 -1 -1
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Table 5.28 Difference of hazard classification in new landslides using approach 2: Toraji-Sinlaku and Mindulle-Sinlaku
Formations North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang - +2 - - - - -
Formation
Tachien Sandstone - -1 - +1 +1 - -1 +1
Shihpachungchi Formation - - -1 - - - - -1
Alluvium - - - +2 - - --
Szeleng Sandstone, Meichi
Sandstone, Paileng - -1 - - - - - -1
Formation
Tatungshan Formation,
Kangkou Formation, - -2 - - - - -
Shuichangliu Formation
Terrace Deposits - - - - - - -
Juifang Group and its
equivalents
Sanhsia Group and its
equivalents- - - -1 +1 - -
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Table 5.29 Difference of hazard classification in reoccurring landslides using approach 2: Toraji-Sinlaku and Mindulle-Sinlaku
Formations North Northeast East Southeast South Southwest West Northwest
Hsitsun Formation, Chiayang
Formation
Tachien Sandstone - - -1 +1 - - -
Shihpachungchi Formation - - - - - - -
Alluvium - - - - - -
Szeleng Sandstone, Meichi
Sandstone, Paileng - - - - - .
Formation
Tatungshan Formation,
Kangkou Formation, - - - - - -2 +2
Shuichangliu Formation
Terrace Deposits - - - - - - -
Juifang Group and its
equivalents
Sanhsia Group and its
equivalents
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5.3 Application on Landslide Risk Management System
A growing threat of landslides along with increasing population and development in the hilly
and mountainous areas creates interest in developing landslide risk management systems in
Taiwan. It is vital and urgent to establish landslide alarm systems to control the damage
brought by landslides. Although a Landslide Alarm System is not the main point of this thesis,
the rainfall analysis, the Rainfall-induced Landslide Hazard Rating System (Chen 2011) and
the landslide transit characterization proposed in this study can be integrated into the concept
of a landslide alarm system. The flow chart of such a landslide alarm system is presented in
Figure 5.7.
Rainfall record collection Rainfall- induced landslide map
Rainfall-induced landslide hazardRainfail distribution analysis! rating system /Landslide TransitClimate Forecast Caatrzto
Raintall-induced landslide risk management system
Rainfall-induced landslide alarm system
Figure 5.7 Flow chart of the Landslide Alarm System
One of the foundations of this proposed Landslide Alarm System is that the rainfall analysis is
included, in which the rainfall distribution is investigated based on the rainfall records in the
study area. This rainfall analysis provides the prediction of rainfall amount and distribution
according to different typhoon paths, which are taken as a trigger in rainfall-induced
landslides. The threshold of the rainfall intensity and duration are defined as sufficient to
trigger landslides in this region; once the threshold is determined, rainfall prediction can be
used for the early warning of landslide occurrence. Also, the rainfall-induced landslide hazard
rating system is constituted of geometric and topographic features, which affect the
probability of landslide occurrence during rainfall events. Finally, the transit characterization
provides a deeper investigation on the relation between topographic factors, new and
reoccurring landslides, which is helpful in understanding reoccurring landslides by learning
the influence of historical landslides.
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5.4 Possible Refinement
In this study, a Landslide Hazard Rating System focused on rainfall-induced landslides is used
for landslide transit characterization analyses. It is notable that this Landslide Hazard Rating
System is extendable and able to be refined for different purposes. Several possible
refinements are listed as follows.
1. In terms of probability of landslide occurrence, statistical models, such as logistic
regression models, can be taken into consideration In such models, three topographical
characterizations (geology, aspects and slopes) are viewed as the fixed factors, while
rainfall characterization (maximum rainfall intensity and total rainfall) become variables.
2. In the rainfall analysis, more typhoon parameters can be included, which provide more
insights on rainfall characterizations in typhoon events. The typhoon frequency analysis
can also be considered, which allows one to understand the potential hazard through
weather forecasting. Moreover, the computer models used to simulate the rainfall
distribution in an area can serve as references when rainfall station records are not
available, and enhance the accuracy of prediction. Lastly, the typhoon paths can be further
categorized into more than three groups, capturing the complexity of rainfall distribution
phenomena during typhoon events.
3. The landslide transit characterization was analyzed according to the new and reoccurring
landslide between two typhoon events. It is possible to extend this to the combination of
any two typhoon events (i.e. typhoon paths) and further investigate the influence of
rainfall distribution on new and reoccurring landslides between any two typhoon events.
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Chapter 6. Conclusions
A Rainfall-induced Hazard Rating System was successfully applied in the investigation of
landslide transit characterization in this study. The landslide analyses are based on systematic
analyses of available data and records of typhoons and landslides in the Chenyulan River basin
in Taiwan.
The landslide transit characterization, which relates new and reoccurring landslides between
two typhoon events, is analyzed based on landslide records during three typhoon events, the
Toraji in 2001, Midulle in 2004 and Sinlaku in 2008, with two approaches relating new and
reoccurring landslides. Conclusions can be summarized as follows:
1. Rainfall is the main trigger of landslides in the Chenyulan River basin. Typhoons usually
bring a great amount of rainfall, which often exceeds the rainfall threshold to trigger
landslides. Rainfall raises in the groundwater table, which results in an increase of pore
water pressures. As the pore water pressure increases, the shearing resistance in the slope
decreases. Although the cause-effect relationship is not entirely clear (due to the lack of
geotechnical test data), it is sufficient to indicate that rainfall is related to the landslide
occurrence. In particular, massive landslides usually occur during or after a typhoon event.
2. The Normalized Difference Method is capable of evaluating the landslides transit
characterization when the landslide hazard is rated according to factors proposed in this
study: geological formation, slope gradient and aspect. This method provides a quick and
simple solution to estimate landslide hazard in a region.
3. Landslide transit characterization (new and reoccurring landslides) is influenced by the
direction of typhoon paths. The aspect classification based on typhoon path is useful in
analyzing new and reoccurring landslides.
4. The influence of historical landslides, regardless of the time of occurrence, on the current
event are approximately the same. Once slope failure occurred in a location, it has an
effect on future events. Shear resistance decreases significantly when a failure surface
exists, which often makes the location of preceding landslides more vulnerable to
occurrence of new landslides particularly during typhoon events.
5. The concept of a Landslide Risk Management System is also proposed by integrating the
rainfall analysis and the rainfall-induced landslide hazard analysis. The advantage of such
a system is that not only the rainfall distribution and topographic features, but also the
transit characterization are taken into consideration. The landslide transit characterization
is extremely helpful in estimating the reoccurrence of landslide. Moreover, this Landslide
Risk Management System is extendable to other areas and consideration of other factors.
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This study presents a simple method of analyzing landslide transit characterization in terms
of new and reoccurring landslides by quantifying landslide hazard related to typhoon events
in the Chenyulan River basin in central Taiwan. This Landslide Hazard Rating System should
provide a rational foundation for decision making in planning by understanding the causal
factors of new and reoccurring landslides. This is particularly vital as Taiwan is facing
intensifying climate change, combined with the pressure from soaring population and overuse
of land. It is also important to note that this system can be further extended by e.g.
geotechnical measurements. Ultimately, it is the author's hope that the method developed in
this study will provide a useful tool for quick estimation of new and reoccurring landslides and
contribute to the mitigation of disasters brought by landslides during typhoon events.
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